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1 Introduction 
1.1 Biomorphs 
The variety and structural complexity of forms displayed by mineralized 
inorganic matter in nature have always been intriguing for a lot of scientists 
from every field. Biominerals often exhibit extraordinary properties that 
exceed the performance of their manmade counterparts: this fact has led 
to attempts to mimic them as close as possible in vitro, with the aim to 
generate materials with advanced features for distinct applications. 
“Biomimetic” materials chemistry and bioinorganic morphosynthesis have 
received much attention over the past decades, and many studies were 
performed in order to create novel materials with special morphologies and 
structures.[1],[2],[3],[4],[5] 
In this field, an important role is played by silica because of its abundance 
in natural settings both as a mineral and as in the dissolved state. 
Moreover, with the nowadays importance of crystal growth in gels,[6] there 
has been increasing interest in the use of silica matrices as media for the 
preparation of single crystals. The most surprising discovery in this context 
was that alkaline earth metal carbonates can choose peculiar shapes 
when crystallized from such silica-rich environments,[7],[8],[9],[10] very close to 
nature ones. For this reason, crystals formed with these biomimetic 
architectures were named “silica biomorphs”. This specific kind of 
precipitates, in fact, are characterized by similarity to biogenic structures 
in term of texture and composition of the precipitates, the hierarchical 
ordering of the building units and the intergrowth of the components (silica 
and carbonate) over multiple length scales. However, even if their shapes 
share many of the characteristics generally associated with biomineral 
materials, their assembly and organization during the growth proceed 
through self-assembly and self-organization processes driven by simple 
inorganic chemical interactions, in which no complex biomolecule or 
organic compound are present.[11] These facts led biomorphs to be used 
as a proof that morphology and/or chemical composition, by themselves, 
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are not a sufficient basis for claims of detection of ancient primitive 
life.[12],[13] 
The circumstances reported above make silica biomorphs an exceptional 
model for advanced inorganic-inorganic hybrid materials and for 
developing bottom-up strategies to design functional materials through 
concerted self-assembly, where silica takes over the structure-directing 
role usually performed by organic species in both biological and biomimetic 
mineralization. 
Although the first record of “life-like” shapes in inorganic silica-carbonate 
environments dates back to the work of Herrera in 1912,[7] silica biomorphs 
in the narrow sense were actually discovered by García-Ruiz et al. in the 
early 1980s,[8],[9],[10] and from this point on a lot of work has been made. 
About biomorphs formation, initially it was thought to require a silica gel 
body at a pH of about 10-10.5, in which carbonate crystallization was 
induced either by counterdiffusion of the reactants (usually barium chloride 
and sodium carbonate) in a U-shaped cassette or by covering a gel 
containing a certain amount of predissolved carbon dioxide with a 
concentrated solution of BaCl2, followed by unidirectional diffusion.[14] In 
both cases, gradual precipitation produced biomorphic shapes throughout 
the gel matrix, whose detailed morphology, size, and number depend on 
the location into the gel-solution relative to the distance from the interface. 
It was also found that identical shapes could be obtained also by directly 
mixing metal salts with dilute silica sol and exposing the mix to the 
atmosphere in order to absorb CO2, which is essential for the biomorphs 
formation.[13],[15],[16],[17],[18] 
Recently, it was found that there is a range of suitable pH values in which 
biomorphs can grow: in gels it is pH = 9.3-9.8[11] and in solution pH = 10.2-
11.1.[19] Within this range, the most frequently morphologies of silica 
biomorphs can be divided into three distinct types, namely helicoidal 
filaments, thicker worm-like braids, and extended flat sheets (a, b and c of 
figure 1.1, respectively). 
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Figure 1.1 Principal morphologies obtained from a typical synthesis of silica biomorphs. 
Scale bars: 20 μm.[20] 
Other experimental variables were found to affect the resulting structures 
such as temperature[17],[21] and species concentrations.[22],[23] 
Further studies shew that organic additives, such as ethanol as co-
solvent,[18] or cationic surfactants and polymers[24], amino acids[22] and 
proteins involved in biomineralization.[17] have an influence on the final 
structure of the aggregates, even if the reason why these general effects 
happen remain largely obscure. However, it is evident that additives that 
easily interact with silica in solution tune biomorphs morphology.[24] 
From images of fractured aggregates, it could be affirmed that generally 
biomorphs are composed of carbonate and silica, with a textured inner 
core surrounded by a silica outer skin with a different consistency: 
 
Figure 1.2 (a) FESEM image of a fractured worm-like aggregate, revealing the presence 
of an outer silica skin sheathing a textured inner core. Scale bar: 2 μm. (b) Zoom onto the 
surface of the external membrane, showing densely packed siliceous nanospheres. Scale 
bar: 1 μm.[20] 
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X-ray diffraction confirms the presence of orthorhombic witherite in the 
core part,[12],[17],[25] while the outer layer is made of almost pure amorphous 
silica, as shown by EDX spectroscopy and the lack of reflections for 
crystalline silicates in the XRD patterns. [11],[26],[27],[28],[29] Moreover, silica 
envelope of the crystal assembly is composed of agglomerated spherical 
nanoparticles (figure 1.2 b), typically between 50 and 150 nm in diameter, 
which form a colloidal membrane.[12],[16],[27] Zooming at the nanoscale, it can 
be seen that silica biomorphs are polycrystalline aggregates, more in 
detail, a multitude of elongated crystallites quite uniform in size and shape 
(figure 1.3). 
 
Figure 1.3 Close-up views of the edge of a sheet-like biomorph. Scale bars: 1 μm (left), 
500 nm (right).[20] 
TEM studies[27] on individual crystallites have shown that the building units 
are witherite nanorods exhibiting a pseudohexagonal columnar habit 
(figure 1.1.4 a-c), exposing prismatic {110} side faces that are closed by 
pinacoidal {001} planes or tapered by {102} and {021} bipyramidal faces. 
This is common for aragonite-type carbonates and results from cyclic 
twinning on the {110} planes.[30] Typical dimensions of the nanorods 
constituting biomorphs range from 200 to 400 nm in length and from 5 to 
100 nm (usually around 50 nm) in width.[13],[16],[17],[24],[27],[31] Each nanocrystal 
appears to contain a quite small fraction of silica (up to 5%), determined 
by elemental analyses of the particles (figure 1.4 d). 
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Figure 1.4 (a) TEM micrograph of the silica biomorphs nanocrystals. Scale bar: 50 nm. (b) 
Cross-section of a nanorod. Scale bar: 10 nm. (c) Electron diffraction pattern of the [001] 
zone axis of the witherite lattice. (d) EDX spectrum of a nanorod. Panels (a) and (d) 
reproduced with alterations and with permission from ref. [20],[27] 
The orientation of the nanorods follows a distinct long-range order 
throughout the aggregates:[12],[13],[16] adjacent rods are arranged almost 
parallel to one another with respect to their crystallographic c axis (which 
is the long axis of the rods), but they maintain a slight mutual misalignment 
(figure 1.5 d). This incremental twist (or tilt) between individual crystallites 
is kept approximately constant, that makes the building units describe an 
oriented field with a gradually varying vector, as it is proved by light crossed 
polarizers microscope[16] and by X-ray diffraction: 
 
Figure 1.5 (a) Polarized optical micrograph of a circular sheet. (b) Microfocus X-ray 
diffraction pattern collected from a distinct part of a sheet. (c) TEM image of a sample 
prepared by thin-sectioning of as-grown biomorphs. Arrows indicate the preferred 
orientation of the crystallites. (d) Sketch depicting the typical local arrangement of building 
blocks in silica biomorphs.[20] 
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1.1.1 Calcium and barium biomorphs in gel 
Witherite biomorphs grow indistinctively in silica solutions and gels. The 
sol-gel route leads to the formation of porous silica gels, but their pore size 
cannot be accurately controlled. However, it is possible to get ordered 
mesoporous silica, as it was shown, in the presence of surfactants such 
as cethyltrimethylammonium chloride.[32] 
Biomorphs that grow in silica gels can be made by both barium and calcium 
solution. Calcium carbonate crystals are produced by the counterdiffusion 
method in an alkaline silica gel.[11],[33],[34] The experiments are usually 
performed in glass cassettes made by two flat glasses separated by a 
rubber ribbon. 
In order to create this type of crystals, the preparation of a stable and 
homogeneous silica hydrogel is crucial, because outcome of silica-
controlled carbonate crystallization in both gels and solutions depend on 
it. Silica gels are most obtained by lowering the pH of a sol, which will 
induce enhanced protonation of siliceous species 
≡Si-O- + H+ → H+ → ≡Si-OH 
and trigger condensation reactions 
≡Si-OH + HO-Si≡ → ≡Si-O-Si≡ + H2O.[35] 
This acidification increases the [SiO2]/[NaOH] ratio making it less soluble 
in the solution. As a result, the condensation reaction induces the 
polymerization and finally the gelling of the silica solution.[36] After more or 
less five days the gelling process is finished, a barium or calcium chloride 
solution of a certain concentration is poured on top. 
If BaCl2 is considered, its cations diffuse through the gel, and the 
precipitation of barium carbonate crystals and carbonate ions, dissolved 
from atmospheric carbon dioxide in the gel and in the solution, occurs. The 
diffusion of the barium solution and the following precipitation of carbonate 
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contribute to create a time-dependent gradient of pH along the diffusion 
direction in the gel that will affect the growth of silica biomorphs. By 
measuring the gradient along the gel at different times, the morphologies 
of biomorphs in the gel and their evolution could be correlated with pH:[11] 
 
Figure 1.6 (a) Representation of the reaction cell in which the gel is divided into four 
different sections. (b) Diagram of the change of pH and observed morphology with distance 
from the gel interface.[17] 
However, there are some problems in measuring the pH of silica gels. First 
of all, common glass electrodes cannot be used since most of them rely 
on the formation of a very thin wetted silica gel around the glass bulb for 
ion transport when they are brought into contact with the solution. Because 
of this, alkaline silica gels interact strongly with the glass bulbs sensibly 
decreasing their reliability after a few measurements. Secondly, the pH of 
the interstitial solution of the gel rises during the gelling process in an 
amount that cannot be easily predicted, as it depends on the solubility 
equilibrium conditions of the gel. Finally, measuring pH in a gel is an 
invasive way that lead to deteriorate the gel because the gel needs to be 
mechanically manipulated to put it in good contact with the probe. 
For these reasons, pH of the different gels was measured with commercial 
pH microprobes and pH-meters. These microprobes use solid-state 
technology for the sensor and are unaffected by the chemistry of silica, 
being therefore very suitable to measure pH in silica gels. The collected 
results are shown below: 
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Figure 1.7 pH of gels obtained by acidification of sodium metasilicate solution with 1M HCl, 
after 5 days.[11] 
In order to obtain these values, the cassette was opened and the upper 
solution was poured away taking care that it did not cover nor it was spilled 
over the gel. The gel was divided into slices and each slice was pushed 
inside a small eppendorf tube where the pH microprobe was inserted to 
measure the pH, associating then the obtained values to the coordinates 
of the distance from the interface. 
From figure 1.8 it can be seen that the initial pH is 10.4 and that after the 
addition of the BaCl2 solution there is a variation of pH gradient, rising to 
the initial pH at the end of the cell. The influence of the diffusion of the 
barium solution in the pH gradient is clearly seen in the differences 
between the curves at 7 h, 1 days, and 2 days, from which pH at a fixed 
distance from the interface decreases from the initial value of 10.4. For 
sure, the acidification, due to carbonate precipitation, contributes to this 
decrease in these areas. The curve at 7 h misbehaves at large distances 
from the interface due to some experimental problems. However, the 
relevant measurements of these cells are only those corresponding to less 
than 1 cm where aggregates are present at this early stage. 
10
 
Figure 1.8 Time development of the pH values versus distance to the interface.[11] 
The growth process of gel-grown aggregates appears from optical 
microscopic observations to proceed in two stages, as it can be seen in 
figure 1.9. The first precipitates, that form closest to the site of salt 
introduction and consequently grow at the lower pH range (8.5 < pH < 9.5), 
are often fractal-like dendritic forms with an approximately radial symmetry 
showing continuous non-crystallographic branching whose diameter is at 
the scale of mm. The resulting cauliflower-like morphologies are made of 
a radiating array of barium carbonate crystals, which successively branch 
at small, non-crystallographic angles, forming a 3-D space-filling structure. 
The building blocks of these structures are micron-size crystals.[12] In 
particular, many aggregates near the interface appear at very early stages, 
showing a globular shape and laminae on some of them, that characterize 
growth under the second stage of the formation mechanism.[11],[12],[17] On 
the contrary, aggregates far from the interface, and especially at the end 
of the cells, are larger and show the characteristic curvilinear morphologies 
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like large sheets and helicoids. In general, they display more developed 
and differentiated morphologies with increasing growth time. 
 
Figure 1.9 Spatial and temporal images of representative aggregates as a function of pH 
at different distance from the interface. Scale bar: 50 μm.[11] 
It can be concluded that the spatial and temporal development of the 
pattern of precipitates is related to the diffusion of the barium ions through 
the gel. However, the gradient of pH that is formed inside the gel is not 
only influenced by the diffusion of the slightly acid barium solution, but it is 
also affected by the precipitation of barium carbonate. Therefore, pH inside 
the silica gel is a parameter that cannot be easily predicted and it needs to 
be measured directly in real time.[11] 
If biomorphs grown from calcium solution are now considered, it has to be 
said that calcite, the hexagonal phase of calcium carbonate, is be reluctant 
to undergo biomorphic behavior, because it preserves its crystallographic 
symmetry.[37],[38],[39] However, biomorphs can appear. 
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The same cassette used to create barium gel-grown biomorphs is used for 
this type of growth. Diffusion of the calcium chloride into the carbonate-rich 
alkaline gel starts as soon as the solution is poured on top of the gel, 
provoking a chemical gradient that evolves in time and space. This 
chemical gradient produces temporal and spatial variation of Ca/CO3 ratios 
and its supersaturation values, hence yielding to calcium carbonate 
precipitation with different crystalline phases and morphologies at 
corresponding locations along the crystallization cell: 
 
Figure 1.10 Schematic crystallization cassette (left) and the optical micrographs of the 
various crystal formation mechanisms after three weeks of crystallization (right). (a) 
Liesegang patterns of rhombohedral calcite; (b) concomitant crystallization of flower-like 
silica aragonite biomorphs and elongated calcite; (c) elongated calcite; (d and e) close-up 
view of flower-like silica aragonite biomorphs and elongated calcite.[40] 
The critical supersaturation was reached near the gel-solution interface 
and the first precipitate, named rhombohedral calcite (figures 1.10 a and 
1.11 a), formed inside the gel. The precipitation front advanced across the 
gel with time, and the size of the rhombohedra increases as a function of 
time and distance from the interface (figures 1.10 b and c). This 
precipitation occurs in most cases as precipitation bands that follow the 
Jablczinsky law characteristic of Liesegang patterns (figure 1.10 a).[41],[42] 
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Figure 1.11 (a) Optical micrograph of rhombohedra calcite crystallized near the gel-liquid 
interface; (b and c) optical micrograph of elongated fibrous calcite crystallized at 5 days 
and 10 days; (d) FESEM image of a full view of elongated fibrous calcite; (e and f) close-
up view of elongated fibrous calcite.[40] 
During the second week of crystallization, the precipitation front appears 
at one centimeter from the gel-solution interface, and the elongated calcite 
crystals developed into fibrous dendritic aggregates (figures 1.11 b and 
c).[37],[38] Precipitates with complex biomorphic shapes appeared between 
elongated fibrous calcite (figures 1.11 d, e and f) between 1 cm and 2.5 
cm from the gel-sol interface, while the precipitation zone of elongated 
fibrous calcite advanced further in the gel during the third week from 
calcium injection (figures 1.10 d and e). These biomorphic shape crystals 
were identified as aragonite. and it was also discovered that temperature 
affected their morphology: they are smaller dumbbell-shaped cores at low 
temperatures, whereas longer and larger petal-like curling sheets with 
more twisted and longer structures at higher ones. 
In figure 1.12, that shows some frames of a movie of growing crystals 
inside the gel, it can be observed that there is a concomitant growth of the 
two different mineral phases: calcite and aragonite. It can be said that there 
is a strong difference in morphology between the two polymorphic calcium 
carbonate phases, and that there is the simultaneous growth of both 
polymorphs under the same chemical conditions. It is obviously a case of 
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polymorphism, where pH can not explain how these crystals can choose 
which kind of polymorph can become. 
 
Figure 1.12 Selected frames of the image sequence from the time-lapse video of the 
growth of flower-like silica aragonite biomorphs and elongated calcite.[40] 
Initially there seems to be the nucleation of aragonite crystallites that 
decreases the pH and induces the precipitation of silicate species that 
poison the crystal surfaces and prevent further growth. The increase of the 
pH due to silica precipitation provokes the nucleation of aragonite, which 
in turn provokes the fall in pH, that again leads to precipitation of silica that 
inhibits their growth, and so on. In this way, the fractal growth goes toward 
fibrillation, namely the complete inhibition of the growth of the aragonite 
dendrite and subsequent nucleation of new and independent aragonite 
crystallites that grow only to hundreds of nanometers in size because of 
silica poisoning. 
The difference between the two polymorphs is not related to their crystal 
structure but to the texture at the nanoscale, since biomorphic aragonite 
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particles consist of nanorods while fibrous elongated calcite particles 
consist of rhombohedral crystallites. The calcite dentate fibre-like subunits 
grow continuously remaining consistent with the growth vectors. On the 
other hand, aragonite nanorods, that form due to the cessation of growth 
at the nano scale, are isolated, which allows gradual change of the growth 
vectors, leading to curling phenomenon.[40] 
 
Figure 1.13 (a) Non-biomorphic calcite and (b) biomorphic aragonite as seen by optical 
microscopy with crossed polarisers; (c) FESEM pictures of co-oriented fibres of non-
biomorphic calcite and (d) nanorods forming biomorphic aragonite; (e) scheme of the 
textural model for non-biomorphic calcite and (f) biomorphic aragonite. Fibrillation of 
biomorphic aragonite allows bending and curling of the composite material and then 
complex morphogenesis.[40] 
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1.2 Silica gardens 
Silica gardens are self-assembled hollow structures resulting from a 
precipitation reaction involving a metallic salt (all metal salts can serve as 
seeds except for group 1A compounds)[43] and an aqueous alkaline 
solution, namely silicate. There has been interest in the search of the origin 
of life since silica gardens adopt biomimetic morphologies,[44],[45],[46] and 
thus they may have driven the origin of metabolism on the early Earth. 
They are interesting structures also for other branches of science, such as 
chemistry, physics, nonlinear dynamics, and materials science. They 
exhibit rich chemical, magnetic, and electrical properties due to pH and 
electrochemical gradients across their walls during their growth process.[47] 
Moreover, they share common properties with nanoscale tubes in 
cement,[48] corrosion filaments,[49] larger-scale brinicles,[50] chemical 
motors such as fuel cells, and as Brønsted catalysts[51],[52] (also in 
microfluidics), because they are similar to compartmentalized and layered 
self-organized materials.[43],[53],[54],[55],[56],[57],[58],[59] Silica gardens are also 
intriguing structures because of their supposed role in prebiotic chemistry: 
under-sea vents contain, in fact, magnetite, brucite (Mg(OH)2) and 
serpentine, which is a hydroxylated magnesium-iron silicate, that lead to a 
system with a pH contrast inverse to the classical acid interior/alkaline 
exterior garden.[60],[61] The wall structures are exposed to tremendous 
concentration, pH and temperature gradients. These gradients in 
conjunction with catalytic surfaces seem to sustain complex chemical 
reactions such as the ones that happen inside a chemical garden.[53],[62],[63] 
Different ways to produce these hollow tubes have been studied: in the 
classic method, a solid salt particle is put inside a sodium silicate solution 
in a vertical box.[64] However, there is also an approach that consists of 
injecting the metal salt solution inside that box full of silicate with a constant 
flow rate[65],[66] or at constant driving pressures, [56],[57],[58],[67],[68],[69],[70],[71],[72] 
where the advantages are that only single tubes are formed, the overall 
reproducibility is improved, and the concentration, viscosity, and density of 
the two reactant solutions are initially known.[73] More recently also the 
spatially confined system has been investigated, where the metal salt 
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solution is injected between a quasi-2D cell, similar to an Hele-Shaw one, 
leading to a horizontal growth of the gardens.[74] 
 
Figure 1.14 Schematics of silica garden experiments using (A) a seed crystal, (B) solution 
injection, and (C) a spatially confined system.[73] 
In the case of seed crystals, the growth starts with the dissolution of metal 
salt which leads to the formation of a colloidal metal (hydr)oxide membrane 
around the dissolving seed particle. Then, the dissolution of this membrane 
is caused by the osmotically driven flow of water that pulls to go inside the 
membrane. From this breach site, buoyant salt water rises up as a jet and 
reacts at the interface with the alkaline silicate solution, forming a new 
precipitate, namely the hollow tube, that is totally separated and in which 
there is a totally different pH from the outer solution.[73] 
 
Figure 1.15 Chemical-garden growth: (a) setup at start of the reaction, (b) membrane 
formation between acidic and basic solutions, (c) osmotic pressure is higher within 
membrane than outside it, so it expands, (d) under osmotic forces the membrane ruptures, 
and (e) a tube forms.[12] 
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The morphological growth of a silica garden tube has generally two stages. 
First of all, fine opaque tubes, usually with a small bubble of gas at the tip, 
occasionally appear soon after seeding and grow rapidly, reaching the 
surface of the solution in a matter of seconds. The next generation growths 
form much more slowly and are in general thicker than the first ones, but 
not of uniform diameter. Gas bubbles are rarely attached to their tips, 
although many tiny bubbles are evolving from the membrane. After some 
time, a thin crust is formed on the surface of the solution. When the 
precipitate can no longer grow upwards, the growths spread out across the 
surface of the solution until the salt crystals are completely dissolved.[75] 
Hydroxide ions that enter through the osmotic membrane react with the 
metal ions and precipitate on the inner surface of the tubes as metal 
hydroxides. The morphology of these silicate gardens depends on the 
evolution of the combination of forced convection driven by osmotic 
pressure through the semipermeable membrane and free convection due 
to buoyancy forces.[12] 
It was found that lower concentrations produce clusters of narrow tubes, 
while higher concentrations produce single and wider tubes. Moreover, the 
growth behavior is strictly dependent on the decrease of the solubility of 
the salts: the more the metal salt is soluble the lower induction time and 
higher linear growth rate appear, growing wider tubes with flexible thin 
walls. On the other hand, the slower the growth rate the more robust tubes 
with thicker walls grow.[76],[77] 
Furthermore, as the solution is more diluted, the membrane becomes more 
‘‘elastic’’, allowing the formation of clusters of narrow tubes by repeated 
rupture and rehealing of the colloidal envelope. With salts characterized 
by the same metal cation but different non-precipitating anionic species, 
the 3D pattern obtained is rather similar in each case; some differences 
are reported just only in the growth rate.[78] 
It is worth to stress that using pressed metal salt pellets, rather than 
irregular crystals, affects morphogenesis. On one hand, the rate of salt 
dissolution is lower for pellets than for random microcrystals, so that the 
kinetics of membrane precipitation changes. On the other hand, 
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commercially available crystals often contain significant amounts of air 
enclosed in voids, which become released upon dissolution and may form 
a gas bubble that sometimes guides tube formation. This effect can be 
excluded in experiments with pressed pellets, especially if the tablets have 
been further degassed in vacuum prior to use. Considering this, salts with 
the highest possible amount of hydration water are better in order to 
minimize uncontrolled uptake of the partially strongly hygroscopic 
substances during grinding.[71],[76],[47],[79],[80] 
About the evolution of chemical gradients in silica gardens deriving from 
metal salt pellet, it can be divided into four general stages. In the first 10 
hours, what happens can be summarized into stage 1: when 
compartmentalization and dissolution of the metal salt pellet are 
completed, no more fresh metal ions (M2+) are released, and metal 
hydroxide precipitation on the inner surface of the wall decreases their 
concentration. On the outer surface, silica precipitates due to the acidic pH 
inside the hollow tubes. Diffusion of the anions of the dissolved metal salt 
into the outer water glass reservoir happens simultaneously with the 
counter-diffusion of Na+ ions. All these processes reduce the concentration 
and pH gradients across the membrane. Then, during stage 2, that 
happens between the 10th hour and the 25th, when all metal ions have been 
consumed by precipitation, the interior pH value is approximately neutral 
and low enough to prevent the passage of soluble silicate species through 
the membrane; silica which keeps on precipitating on the external surface. 
However, diffusion of OH- ions into the inner solution is now possible and 
subsequently its pH is increased. During stage 3 (25 h<t<50 h), pH 
differences between the two reservoirs is strongly reduced by the diffusion 
of OH-: the solubility of silica inside the tube increases and diffusion of 
silicate ions inside the tube occurs. On stage 4, after 50 hours from the 
beginning when all diffusion processes have finished, the pH values and 
the concentrations of all the species are the same on both sides of the 
membrane, and hence thermodynamic equilibrium is reached. 
20
 
Figure 1.16 Scheme of the general stages proposed to describe the evolution of chemical 
gradients in a CoCl2 silica garden after completed tube formation and metal salt dissolution. 
Note that, for simplicity, H3SiO4- represents all soluble silicate species present in the 
system.[47] 
In order to study phase diagrams in reproducible experimental conditions, 
recently silica gardens have been studied using a horizontal Hell-Shaw 
cell, in this way having the control of the concentrations of the reagents 
and of the flow rate.[43],[81] Moreover, this setup allows the switch from 
dominant reaction-diffusion processes to flow-driven ones. Furthermore, 
the quasi-2D nature of the precipitates permits an easier characterization 
of the patterns using tools of classical 2D pattern selection analysis.[74],[82] 
The Hele–Shaw cell consists of two transparent acrylate plates separated 
by a small gap filled by a solution of sodium silicate. The solution of the 
metal salt is then injected radially from the center of the lower plate at a 
fixed flow rate. When the two solutions are in contact, precipitation occurs. 
Different dynamics and patterns are observed when the concentrations of 
sodium silicate and metal salt change. In general, if one reagent is much 
more concentrated than the other one, it appears a circular precipitation 
pattern. If sodium silicate is the most concentrated reagent in the mix, the 
precipitate is concentrated at the outer rim as dark petals of flowers, out of 
which viscous fingers grow. Moreover, at the beginning of the injection, 
precipitation occurs inside the viscous fingers, whereas at longer times the 
precipitate lags behind them. 
On the other hand, if the metal salt is much more concentrated than the 
sodium silicate solution, a compact circular precipitate grows radially. 
Above a critical radius, a destabilization of the circle rim toward small-scale 
hairs growing radially with a characteristic wavelength is observed. 
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When the concentration of both reactants is more or less equal, thin 
filaments growing with complex turnarounds grow, like worm spirals 
growing upon successive break-ups of precipitate walls. At later time, 
terrace-like precipitate layers grow along the first structure. 
 
Figure 1.17 Experimental patterns of confined CoCl2 chemical gardens, as a function of 
the concentration of the injected aqueous solution of cobalt chloride and the concentration 
of aqueous solution of sodium silicate. The diagram is divided into different colored frames 
referring to the various classes of patterns observed: lobes (dotted dark blue), spirals (solid 
red), hairs (dashed black), flowers (dashed-dotted green), filaments (long dashed-dotted 
purple), and worms (long dashed blue). Injection rate is Q=0.11 mL/s. Field of view: 15 cm 
× 15 cm.[74] 
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In other studies, it was found out that neither the nature of the cation of the 
metallic salt solution or its pH, nor the type of the anion of the alkaline 
solution influence significantly the precipitation patterns, which can be 
schematically sum up in the following scheme: 
 
Figure 1.18 Phase diagram showing the distribution of the observed patterns for four 
different metallic salts (CoCl2, CaCl2, CuSO4, NiSO4) injected with the same flow rate into 
sodium silicate. The vertical axis is the normalized concentration of the metallic salt in a 
logarithmic scale and the horizontal axis is the concentration of the alkaline solution.[78] 
These results agree with other studies in which it was found that, when 
buoyancy differences between the interior and exterior solutions are small, 
the rate of tube growth is constant and independent from the flow rate of 
metal salt solution. The growth rate is thus determined by chemical 
diffusion and chemical reactions rates. This growth rate determines also 
its radius: when the metal salt concentration is low and buoyancy effects 
are then more important, the growth rate increases and so the tube radius 
decreases.[72],[83] Moreover, in the first microgravity study on silica gardens, 
it was established unambiguously that precipitation tubes do not require 
gravitational convection.[84],[85] 
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1.3 Why measuring pH in biomorphs and silica 
gardens 
At the beginning, it was thought that the presence of an external silica skin 
of biomorphs acted as a preformed template that determined the outer 
shape of the aggregates and the orientation of the crystallites 
inside.[9],[16],[24],[26] More recently, it was shown that the outer skin grows 
from secondary precipitation of silica on already fully developed crystal 
aggregates, as a consequence of the gradual decrease of bulk pH during 
the growth process, which reduces its solubility.[27] 
In the past few years a more efficient model was proposed to explain this 
process.[11],[19],[27],[86],[87],[88] The formation of silica biomorphs starts with 
nucleation and growth of a single prismatic micron-sized crystal of witherite 
that is elongated along its c axis. This pseudohexagonal rod represents 
the core of all the observed morphologies and at the beginning suffers from 
crystal growth poisoning by oligomeric and/or polymeric silicate 
species.[15],[19],[89],[86],[90] The crystal core splits at its ends and develops tilted 
projections, emanating at noncrystallographic angles from the parent rod 
(figure 1.19). Splitting proceeds through the basal {001} planes or the {102} 
and {021} bipyramidal faces of the core crystal and is driven by the action 
of silica as an impurity that cannot be adsorbed under the prevailing 
conditions. Consequently, it is pushed ahead by the growing crystal front 
and generates 2D islands that are misoriented relative to the original 
lattice.[91],[92] This produces the branched first-generation projections that 
experience further poisoning and undergo continued splitting. This leads 
to a fractal branching motif, along which the crystal becomes increasingly 
bifurcated. Then, dumbbell-shaped structures are generated and with time 
evolve into space-filling cauliflower-like forms or closed spherulitic 
architectures.[20] 
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Figure 1.19 (a) Optical and (b) SEM micrographs of the splitting of a rod-like barium 
carbonate crystal at its tips in the presence of impurities. Scale bars: 5 μm.[20] 
Over the range of pH values at which the formation of biomorphs typically 
occurs, both carbonate and hydrogen carbonate ions exist in significant 
amounts in the system. However, this implies that any carbonate particle 
growing in these alkaline media affect the hydrogen carbonate-carbonate 
equilibrium in its surroundings, as it consumes CO32- ions:[93] 
HCO3- ⇄ CO32- + H+ 
𝐵𝑎2+
→    ↓BaCO3. 
Thus, hydrogen carbonate ions dissociate near the evolving carbonate 
surface, seeking to restore the locally perturbed solution equilibrium. This 
leads to a net release of protons close to the particles, which should lower 
the local pH. Thus, silica solubility decreases drastically as pH values 
around 9 or below are approached.[36] 
The protons generated by dissociation of HCO3- ions are used to form free 
silanol groups (Si-OH), which participate to condensation processes that 
induce silica polymerization: 
HCO3– + H2O ⇆ H3O+ + CO32– 
-Si-O- + H+ ⇄ -Si-OH + HO-Si- 
−𝐻2𝑂
→    -Si-O-Si- →→ ↓SiO2. 
Consequently, spontaneous precipitation of silica all over their surface 
occurs, and crystals are cemented in a layer of silica, which prevents them 
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from growing larger than a few hundreds of nanometers.[86],[87],[88] In 
contrast, as polymerization of silica happens near the coated particles, the 
local pH is gradually re-elevated, because acidic silanol groups effectively 
vanish over ongoing condensation: 
2Si-OH → Si-O-Si + H2O. 
 
Figure 1.20 The growing of the fibrillated front due to the local oscillations of pH driven by 
the coupled precipitation of silica and carbonate.[86] 
In this way, any increase in pH is associated to a shift in the equilibrium 
towards the side of CO32-, increasing its local concentration: 
 
 
Figure 1.21 Left: Ideal distribution of carbonate species (black: hydrogen carbonate, gray: 
carbonate) in solution as a function of pH, compared to the pH-dependent solubility of silica 
(blue).[20] Right: The concentration of the chemical species as a function of pH and the pH 
region (gray) at which biomorphs form.[86] 
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This in turn makes silica polymerization raises the supersaturation of silicic 
acid close to growing carbonate crystals, thus provoking the adsorption 
and precipitation of silica on their positively charged surfaces, poisoning 
crystal growth and causing bifurcation of the crystals.[94] This chemical 
coupling ensures continuous splitting at non-crystallographic angles, 
leading to the formation of sheaf-of-wheat structures and, on further 
growth, to space-filling cauliflower like structures:[95],[96] 
Si(OH)4 ⇆ SiO(OH)3– + H3O+ at pH = 9 
SiO(OH)3– ⇆ SiO2(OH)22– + H3O+ at pH = 10.7. 
The newly formed crystallites then coat themselves by silica, stopping 
active growth, thus stimulating another round of carbonate 
nucleation.[86],[87],[88] 
This autocatalytic chemical coupling generates the supersaturation 
needed to trigger mineralization of the carbonate phase and ensures also 
a continuous supply of polymeric silica “impurities” required to extend 
morphogenesis beyond the fractal pathway towards the continuous 
production and self-orientation of nanocrystals. 
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Figure 1.22 The chemical coupling. (a) Rod-like carbonate nanocrystals (red) become 
enveloped in silica (blue), as dissociation of hydrogen carbonate ions provokes a local 
decrease in pH (corresponding gradient in green). (b) Silica condensation reincreases the 
pH at the growing front, thus raising the supersaturation of barium carbonate in the local 
vicinity and causing a novel event of nucleation. (c) The loop process that these two 
processes provoke.[20] 
It has to be stressed that such oscillations should be confined to regions 
where active growth takes place, and hence, they are not reflected in the 
bulk pH of the mother solutions. Therefore, supersaturation of the 
components is expected to be higher at the front of growth than elsewhere 
in the solution.[20] 
At elevated pH values, where biomorphs are used to grow, silica solubility 
is more sensitive to change its pH value.[86] Therefore, the amount of silica 
coating the nanocrystals is large enough to provoke the stop of carbonate 
crystal growth. In turn, the precipitation of silica increases the local pH by 
converting the acidic -OH groups into siloxane bonds. This pH increasing 
promotes the formation of additional carbonate ions, increasing barium 
carbonate supersaturation and leading to a further round of carbonate 
nucleation in the form of 3D nuclei. This process causes the single-crystal 
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growth front to fragment, creating a polycrystalline front of nanocrystals co-
oriented with the single crystal, namely fibrillation. Subsequent silica 
precipitation prevents these nuclei from growing larger than the size of a 
few tens to hundreds of nanometers before they become almost fully 
coated with silica. 
About the importance of measuring the pH of growing silica gardens, it can 
be said that understanding pH behavior inside the hollow tubes and on 
outer membrane on the front of their growth and in the bulk solution is 
important in order to comprehend the behavior of the diffusion forces that 
operates in the formation and growing of the structures. 
In general, the pH of the exterior water glass reservoir (pH ~ 11.2) was not 
found to noticeably change, neither during growth nor after several days of 
maturation, due to the high excess and buffering ability of silica. On the 
other hand, the pH inside the tubes starts from acidic values for all cations, 
and subsequently increases in two distinct stages (examples reported in 
figure 1.23): first, a rather slow and continuous rise towards more or less 
neutral values is observed over a time that depends on the kind of metal 
salt used. Then, pH increases more steeply and eventually, after another 
2–5 h, reaches levels close to that of the outer reservoir, indicating that the 
initially generated pH gradients across the membrane has vanished.[47] 
 
Figure 1.23 Temporal evolution of the pH inside silica garden tubes prepared with CoCl2 
(purple), FeCl2 (green) and FeCl3 (orange).[97] 
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It was also found that there is a correlation between these pH profiles and 
the temporal progression of the inner metal ion concentrations: the pH 
remains acidic as long as significant amounts of dissolved metal ions are 
present inside the tube. These results support previous studies in which it 
was observed that the incorporation of metal ions into the inner surface of 
the forming membranes occurs mainly through precipitation as amorphous 
hydroxides.[98],[75] 
When arrived on the inner surface of the membrane, OH- ions precipitate 
as soluble metal hydroxides during the first stage when the inner solution 
is still rich in metal cations. This leads to a continuous decrease in the 
metal ion concentration and, simultaneously, to a little increasing of the 
pH. When all metal ions are consumed, hydroxides ions diffusion becomes 
unhindered and provokes a higher rise of the pH until it is the same on both 
sides of the membrane. 
As already mentioned, there are significant differences using different 
metal salts. The initial pH of the interior solution is much more acidic as 
the metal salt is stronger diprotic acid. The time required for the inner pH 
to ultimately become equal to that in the outer reservoir is also different 
considering different metal salts: larger pore sizes allow faster transport 
through the membrane, both during the earlier stages where precipitation 
is still ongoing and later when the point of equivalence has been 
reached.[97] 
1.4 Objectives of the thesis 
The aim of this thesis is to develop an experimental method to investigate 
the local pH changes at the microscopic level in the environment 
surrounding the crystal structures described in the previous sections 
during their growth in real time. On the basis of the observation that bulk 
pH influences the growth regime and the final shape of these systems, 
Garcia-Ruiz and coworkers postulated, in fact, a mechanism of growth that 
involves local pH alterations.[86],[47] However, this mechanism has never 
been experimentally demonstrated. My approach was based on the idea 
that local pH changes can be visualized using an accurately selected pH 
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sensitive fluorophore (namely a pH chemosensor) that allows to map the 
pH variations responding to them with huge changes in its own 
fluorescence. 
The intermediate objectives of my work have been the following 
workpackages: 
1. Identification of a suitable pH fluorescent chemosensor for each 
system observed with different kind of microscopes. The choice was 
based on consideration upon the chemical and photophysical principles 
that regulate the response of fluorescent chemosensors. The aim was to 
find commercial or easily available indicators with appropriate pKa suited 
on the different kind of systems I studied, with a fluorescence response to 
pH that allowed to visualize with high contrast the small expected local pH 
variations in real time during the crystals growth. 
2. To develop a setup that allowed the acquisition of real time pH 
dependent fluorescence images. The purpose was to design a system 
where biomorphs or silica gardens formation and growth occurred in 
conditions suitable for the different kind of fluorescence microscopes used, 
having optical and geometrical features that allowed to optimize the 
contrast in the detection of the fluorescence changes due to the response 
of the indicator to the local pH variations in real time. 
3. To develop a simple and direct method for the semi-quantitative 
elaboration of the data. Fluorescence recorded movies were expected to 
be directly interpretable from the qualitative point of view. Nevertheless, in 
order to actually evaluate the relative variation of the pH in proximity of the 
front of growth, electronic elaboration of the data was needed. Elaborating 
all the collected data, it would be possible to give fundamental information 
for understanding the mechanism of crystals growth. 
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2 Fluorescence based pH mapping 
Detection of fluorescence emission offers many advantages for 
investigating local chemical properties: first of all, it is a high sensitive 
and, even more importantly, non-invasively technique, since the 
fluorescence can be acquired without direct contact with the detection 
instrument.[1] Moreover, fluorescence based methods permit good 
selectivity, short response time, real-time monitoring, and in situ 
observation.[2],[3],[4],[5],[6],[7] Finally, they afford much greater spatial 
sampling capability compared to other common techniques.[8],[9],[10] 
The use of fluorescent probes, hence molecules that show a 
fluorescent signal dependent on the chemical properties of the local 
environment (and in particular the pH), is a powerful tool to perform 
chemical imaging. However, measurements based on the detection of 
simple fluorescence intensity changes may be influenced by many 
factors, including sample geometry, changes of temperature, fluctuations 
in the excitation intensities, varied emission collection efficiencies, probe 
bleaching, washout and light losses in the detection optics or in the 
samples.[11] 
These undesired effects can be in part minimized by exploiting probes 
that respond to pH changes with a dramatic switch on of the 
luminescence. 
One of the techniques that best exploit the advantages of fluorescence 
emission is fluorescence microscopy, which allows to follow local 
changes of the concentration of specific non fluorescent analytes, and in 
particular pH, in real time using molecular, supramolecular or nanosized 
systems (also called chemosensors) able to convert such changes in a 
detectable modification of their emission properties. 
The use of fluorescent chemosensors have been, up to now, mostly 
limited to the investigation of biological processes at the cellular level 
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where it was demonstrated to be an extremely powerful tool which allows 
to combine high space and temporal resolution and to follow biological 
events continuously and in real time. In particular, since pH is a 
fundamental parameter in the regulation of many cellular processes, a 
significant variety of fluorescent indicators for the physiological windows 
has been proposed.[12]  
In this PhD research work we propose, in a very unusual and innovative 
approach, the application of fluorescence based pH sensing to 
investigate the dynamic of growth and the real-time evolution of the local 
properties of completely inorganic systems of fully inorganic 
microstructures, namely biomorphs and silica gardens. 
2.1 General concepts 
Fluorescence occurs when a molecule A is excited to a high energy 
electronic states by a radiation of a given wavelength (λexc). At low 
concentration regime, where the optical filter effects are negligible, the 
molecules absorb photons with a probability proportional to its molar 
absorption coefficient ε(λexc). The resulting excited state molecules A*, 
hence, emits a photon at a given λem with a probability proportional to the 
product α∙φ, where φ is the fluorescence quantum yield and α is a 
wavelength dependent function which represents the spectral distribution 
of the emission (it results from the normalization of the emission 
spectrum). Since the concentration of the excited states in given 
excitation condition is proportional to the one of the ground state, the 
resulting fluorescence intensity (I) at a given emission wavelength is: 
I = f ε α φ [A] 
where f is a proportional factor which is characteristic of the instrumental 
setup and [A] is the concentration of not excited molecule.[13] More in 
general, the total emission is the sum of the contributions of all the 
different species. 
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The mechanism of response of a fluorescent pH probe is based on the 
protonation of the A molecule to give a species AH+ with different 
photophysical properties. Hence, in order to behave as a pH probe, the 
molecule A has, first of all, to have a protonable site. 
The local concentration of the two forms A and AH+ depends on the local 
pH: 
 
As a consequence, the local fluorescence intensity, that is given by the 
sum of the contribution of the A and AH+ species, is: 
𝐼 = 𝑓(𝜀𝐴𝛼𝐴𝜑𝐴[𝐴] + 𝜀𝐴𝐻+𝛼𝐴𝐻+𝜑𝐴𝐻+[𝐴𝐻
+]), 
and it is dependent on pH. 
In a homogeneous equilibrated system, the total concentration of the 
fluorophore is constant, namely [𝐴] + [𝐴𝐻+] = 𝑐𝐴 (where 𝑐𝐴 is the 
analytical concentration of A) and the local pH has a constant value. In 
this condition, 
𝐼 = 𝑓(𝜀𝐴𝛼𝐴𝜑𝐴 − 𝜀𝐴𝐻+𝛼𝐴𝐻+𝜑𝐴𝐻+)𝜒𝐴 + 𝑓𝜀𝐴𝐻+𝛼𝐴𝐻+𝜑𝐴𝐻+, 
where 𝜒𝐴 is the molar fraction of A. This means that a response to a pH 
change is expected only in the case in which 𝜀𝐴𝛼𝐴𝜑𝐴 ≠ 𝜀𝐴𝐻+𝛼𝐴𝐻+𝜑𝐴𝐻+, 
namely when, as already mentioned, the photophysical properties of A 
and AH+ are different. 
In very alkaline condition (pH>>pKa, where Ka is the acidic constant of A), 
𝜒𝐴 = 1 and hence: 
𝐼 = 𝐼2 = 𝑓(𝜀𝐴𝛼𝐴𝜑𝐴 − 𝜀𝐴𝐻+𝛼𝐴𝐻+𝜑𝐴𝐻+) + 𝑓𝜀𝐴𝐻+𝛼𝐴𝐻+𝜑𝐴𝐻+. 
On the contrary, in very acidic conditions (pH<<pKa), 𝜒𝐴 = 0: 
𝐼 = 𝐼1 = 𝑓𝜀𝐴𝐻+𝛼𝐴𝐻+𝜑𝐴𝐻+ 
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and hence: 
𝐼 = (𝐼2 − 𝐼1)𝜒𝐴 + 𝐼1. 
Taking into account such equation, we can conclude that the maximum 
relative signal variation will be given by 𝐼1/𝐼2. 
2.2 Specific features required for biomorphs and 
silica gardens 
In general, pH fluorescent probes present some unique advantageous 
features: i) they can be detected with a simple optical setup since their 
emission color is different from the excitation color (λem>λexc) and the 
excitation wavelength can be eliminated by optical filtering; ii) the 
response time, hence the time delay between excitation and emission, is 
typically of the order of 10-9 s, so that molecular diffusion is negligible, 
hence iii) local detection is possible. 
Nevertheless, no probes are presently available for general application 
and the pH fluorescent probes have to be chosen strictly taking into 
account the properties of the system under investigation. 
The first part of our research was devoted to the identification of pH 
fluorescence probes suitable for studying the formation of biomorphs and 
silica gardens. The inorganic systems under investigation present a 
common hydrophilic matrix (e.g. silica solutions, silica gels, metal ions 
solutions), hence the first feature required for the pH probes was water 
solubility and compatibility. 
Other desired features included: 
1) an appropriate pKa. Each probe in fact gives optimal response to 
pH changes in the pKa±1 interval; 
2) high extinction coefficient and fluorescence quantum yield with 
absorption/excitation and emission bands in the visible region. 
This is necessary to have bright probes compatible with the 
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excitation light sources and optical components (filters, objectives 
and detectors) tipically used in fluorescence microscopy; 
3) very good photostability as well as chemical and thermal stability. 
This allows to minimize (photo-)bleaching effects and to achieve 
long-term investigation of the samples under continuous 
irradiation; 
4) specific response only to the analyte of interest (H3O+ ions) is also 
fundamental to avoid false responses. pH sensors can be cross-
sensitive toward metal ions which limits their use in practical 
applications unless corrections;[14] 
5) possibly, a large Stokes shift. This feature allows to reduce the 
signal to noise ratio and hence to improve the sensitivity. 
As mentioned in point 1, the pKa of the fluorophore is a very important 
parameter, due to the fact that the actual response of the probe to pH 
variations depends on it. It is also useful, if possible, to know if the pH is 
expected to decrease or increase during the observation. Concerning 
biomorphs, as previous mentioned, they grow in a bulk solution with pH 
about 10.6 and a decrease of the pH is expected during their formation. 
Hence a probe with a poor emission at biomorphs bulk pH and OFF-ON 
response to protonation has to be preferred in order to avoid strong 
background fluorescence, and to obtain an easily detectable signal upon 
pH lowering. For these reasons only chemosensors that switch on their 
emission upon protonation are suitable for this kind of systems.[6] 
Moreover, a probe with a pKa close to 10.6 is needed. In fact, if we 
consider as examples two chromophores with respectively two different 
pKa, one with a value much lower than 10.6 and the other with a value 
much higher, we expect the behavior schematized in figure 2.1. In the 
former case (pKa<<10.6) the bulk signal coming from the sample is weak 
(as required) but the fluorescence change is also very weak upon 
moderate decrease of the pH. In the latter case (pKa>>10.6), on the other 
hand, the bulk emission is very strong and it masks the local pH changes 
that produce a small relative increase of fluorescence. 
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Figure 2.1 Example of fluorescent indicators with different pKa and their effect on 
visualizing biomorphs local pH decreases. 
In conclusion, as schematized in figure 2.2, it is important to have a 
fluorescent probe that exhibits a pKa near the range of biomorphs local 
pH pulse. In fact, as we mentioned, the dynamic of the response of the 
fluorescent chemosensor is the result of the protonation equilibrium. 
Going more into the detail, according to the protonation equilibrium, at 
pH=pKa the 50% of the indicator is in the acidic form and the 50% in the 
alkaline one. In the range from pH=pKa-1 and pH=pKa+1 the 
concentration of the protonated form goes from 10% to 90%, hence in 
this region the variation of the fluorescence signal is 80% of the total 
difference between the emission of fully protonated and completely 
deprotonated forms. This means that the sensitivity of the sensor, which 
is 
∆𝐼𝑛𝑜𝑟𝑚
∆𝑝𝐻
 (where ∆𝐼𝑛𝑜𝑟𝑚 =
∆𝐼
(𝐼1−𝐼2)
), is 0.4 in this range but becomes much 
lower at pH higher than pKa+1 and at pH lower than pKa-1. 
From the photophysical point of view, the OFF/ON behavior can be 
achieved either using a molecule with a small fluorescence quantum yield 
in the alkaline form and a high one in the acidic one or by exploiting 
selective excitation of a dye which is fluorescent in both forms but 
absorbs at a given wavelength only in the acidic one. This can be 
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possible for example by taking advantage of a red shift of the absorption 
spectrum upon protonation. This last option guarantee, as an advantage, 
that only a small fraction of dye, namely the protonated one, is 
continuously excited. This approach allows to minimize the production of 
excited states and hence the photobleaching in a long term experiments. 
 
Figure 2.2 Principle of OFF/ON pH sensor for H3O+ ions: example given with AO 
(acridine orange). 
For the study of silica gardens we followed a similar approach for 
identifying a suitable pH probe. Silica gardens are compartmentalized 
systems made by two solutions separated by a self-assembled 
membrane. The two solutions, the metal and the silicate one, have very 
different pH being the former acidic and the latter strongly alkaline. In 
particular, pH is between 11 and 12 (depending on the fraction of water) 
for sodium silicate, while metal salt saturated solution may show pH as 
low as 3: this means that local pH mapping requires to operate in very 
different pH windows in the inner part of the membrane of the hollow 
tubes with respect to the outer one. Hence different pH probes may be 
needed for the two solutions. Moreover, in silica gardens the two 
solutions can in principle be investigated independently by solubilizing 
the probes either in the metal or in the silicate. 
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We would like to stress that, because of the complexity of the system and 
in particular the presence of concentrated electrolyte, the behavior of the 
fluorescent dye is far from being ideal. Nevertheless, the experimental 
results showed that the fluorescence response can be fitted with a 
simplified model with an apparent pKa. Hence, for simplicity, we did not 
consider explicitly the non-ideal factors in this work. 
2.3 The pH fluorescent probes (AO, AY, HTPS) 
Considering the requirements summarized in the previous section, we 
chose acridine orange (AO) and acridine yellow (AY) as promising 
candidate probes for mapping pH in biomorphs. In fact, we found out that 
these molecules are soluble in the silicate solution in which the crystal 
growth takes place, both in the acidic and alkaline form. Moreover, since 
we expected a local decrease of pH lower than one unit in this system, 
we decided to choose an indicator with pKa close to the pHbulk to optimize 
the sensitivity. These pH chemosensors are weakly fluorescent in the 
bulk of the solution (pHbulk≈10.6) and they respond with a dramatic 
enhancement of the fluorescence to a local decrease of pH. These 
sensors hence behave as an OFF/ON sensor for H3O+ ions. 
As already mentioned, these properties are important to minimize the 
background signal in fluorescence microscopy since they allow to 
increment the relative contribution of the observed fluorescence due to 
the small fraction of solution at the interface where biomorphs front 
grows, which is the main objective of our study. 
This reduction of the background signal is particularly important for wide 
field microscopy where a large part of the sample is simultaneously 
excited and observed. In fact, the detector (a CCD camera) used for 
imaging in the wide field setup collects both the signal that derives from 
the small layer of solution that surrounds biomorphs (that is focused on 
the CCD sensor by the microscope objective) and the background 
fluorescence from the large volume of the bulk solution (which is out of 
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focus). In order to minimize background signal, it is essential that the dye 
in the bulk has to be not emitting, otherwise emission deriving from 
biomorph would be covered by bulk signal. 
2.3.1 Photophysical properties of AO in solution and in 
gel 
The first fluorescent probe we used for mapping pH in silica gel during 
biomorphs formation is acridine orange (AO). The molar absorption 
coefficient of AO is about 2.7x104 M-1cm-1 at 430 nm and its fluorescence 
QY is 0.2. This fluorophore presents a nitrogen site that can be 
protonated at acidic pH, so the local concentration of the cationic and 
neutral forms depends on the local pH: 
, 
that could be seen as 
. 
In order to find the analytical dependence of the fluorescence intensity on 
pH, we can consider that: 
𝐾𝑎 =  
[𝐴][𝐻+]
[𝐴𝐻+]
. 
If [AH+] is set up as x it will result: 
𝐾𝑎 =  
[𝑐𝐴 − 𝑥][𝐻
+]
𝑥
, 
where cA is the analytical concentration of AO. 
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In order to explicate x, it is found that: 
𝑥𝐾𝑎 = 𝑐𝐴[𝐻
+] − 𝑥[𝐻+] 
⇒ 𝑥(𝐾𝑎 + [𝐻
+]) = 𝑐𝐴[𝐻
+] 
⇒ 𝑥 =
𝑐𝐴[𝐻
+]
𝐾𝑎 + [𝐻+]
. 
 
Figure 2.3 Absorbance spectra of AO as a function of pH in buffer solutions. 
According to the equations previously shown, if molar fraction is 
considered, the equation of fluorescence intensity becomes: 
𝐼 = 𝐼0
[𝐴𝐻+]
𝑐𝐴
+ 𝐼∞
[𝐴]
𝑐𝐴
= 𝐼0
[𝐴𝐻+]
𝑐𝐴
+ 𝐼∞
𝑐𝐴 − [𝐴𝐻
+]
𝑐𝐴
= 
= 𝐼0
𝑥
𝑐𝐴
+ 𝐼∞
𝑐𝐴 − 𝑥
𝑐𝐴
. 
At this stage, x is replaced by the expression found above: 
𝐼 = 𝐼0
𝑐𝐴[𝐻
+]
𝐾𝑎 + [𝐻+]
𝑐𝐴
+ 𝐼∞
𝑐𝐴 −
𝑐𝐴[𝐻
+]
𝐾𝑎 + [𝐻+]
𝑐𝐴
= 
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=
𝐼0[𝐻
+]
𝐾𝑎 + [𝐻+]
+ 𝐼∞ (1 −
[𝐻+]
𝐾𝑎 + [𝐻+]
) = 
=
𝐼0[𝐻
+]
𝐾𝑎 + [𝐻+]
+ 𝐼∞ (
𝐾𝑎
𝐾𝑎 + [𝐻+]
), 
and then 
𝐼 =
𝐼0[𝐻
+] + 𝐾𝑎𝐼∞
𝐾𝑎 + [𝐻+]
. 
The intensity 𝐼0 and 𝐼∞depends on the experimental condition and can be 
determined, together with 𝑘𝑎, by performing a set of measurements of 
fluorescence intensity at different pH values and using the last equation 
for fitting the data. We would like to stress that a similar approach can be 
used for the UV-Vis absorbance. 
 
Figure 2.4 Fluorescence spectra of AO with λexc=470 nm in buffer solutions. 
The AO titration was carried out starting from an acidic solution of AO 
(1∙10-5 M) in water in the presence of buffers (acetate 10-3 M, phosphate 
10-3 M, borate 10-3 M) by adding small amount of NaOH solution 1 M or 
0.1 M and measuring the pH with a pH-meter. During the titration, 
absorption and fluorescence spectra were recorded: spectra obtained at 
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selected pH are shown in figures 2.3 and figure 2.4, respectively. The 
absorbance and fluorescence at given wavelength are plotted in figure 
2.5 and 2.6. Decreasing the pH below 6.0, the absorption spectrum does 
not show any variation since the protonation of the dye is complete. The 
corresponding absorption spectrum shows a maximum at 497 nm and 
can be attributed at the AH+ species. In a similar way, the absorption 
spectrum at pH>12, having a maximum at 423 nm, can be attributed to 
the A species. The presence of an isosbestic point at 452 nm is observed 
during the pH titration as expected for the presence of only two absorbing 
species. Upon excitation at the isosbestic point, a quite strong emission 
with maximum at 536 nm is observed. The intensity of such emission is 
not pH dependent in this excitation condition, indicating that both A and 
AH+ have similar fluorescence quantum yields and emission spectral 
shapes (although it is important to notice that the fluorescence maximum 
of AO is about 10 nm red-shifted with respect to AOH+). This is confirmed 
by the excitation spectra (figure 2.7) with λem=530 nm recorded in acidic 
and alkaline conditions that match the absorption spectra of AH+ and A 
respectively. On the contrary, the absorption spectrum of the AO solution 
at 488 nm or 514 nm is pH dependent, showing the variation plotted in 
figure 2.5. 
 
Figure 2.5 Comparison of AO absorbance at 488 nm 514 nm as a function of pH in water 
solutions. 
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Summarizing, in the alkaline form AO has a low molar absorption 
coefficient at λ = 488 nm. As a consequence, the population of its excited 
state is poorly efficient upon blue excitation, as previously explained. The 
protonated form (AH+), on the contrary, strongly absorbs the excitation 
light; moreover, its pKa in the silicate solution is about 10, which makes 
AO a suitable pH probe for detecting pH variations on the front of growth 
of biomorphs. 
 
Figure 2.6 AO fluorescence at 530 nm as a function of pH in water solutions. 
From non linear regression made on absorbance’s data at 488 nm it has 
been found that: 
𝐾𝑎 = (9.9 ∙ 10
−11 ±  6 ∙ 10−12) M, 
while for the absorbance’s data made at 514 nm: 
𝐾𝑎 = (9.4 ∙ 10
−11 ±  6 ∙ 10−12) M. 
As consequence, Ka can be said to have a value about 9.9∙10-11 M. 
This value is confirmed by emission spectra, for which λexc is 470 nm 
(figure 2.4), and its relative fitting curve as a function of pH observing it at 
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λem = 530 nm (figure 2.6), where the same equation used for absorption 
fitting has been used. In fact, Ka’s value that has been found from it is: 
𝐾𝑎 = (1.0 ∙ 10
−10 ±  1 ∙ 10−11) M. 
 
Figure 2.7 Excitation spectra with λem=530 nm at different pH in water solutions. 
It is interesting to observe that the ratio between the peak at 497 and 423 
nm in the absorption spectrum is strongly pH dependent and can be used 
to measure pH. Although light absorption measurements are not suitable 
for local pH detection, they are very convenient for bulk (or spatially 
averaged) analysis of homogeneous systems. 
In view of the use of AO as a pH probe in silica gel, we first investigated 
the changes of the absorption properties of this dye in silicate during the 
gel formation. This was first done in optical cuvettes (1 cm optical path) 
by dissolving AO in a silicate solution, and adding increasing amounts of 
HCl. 
As it can be seen in fig. 2.8, the absorption spectrum of AO in the alkaline 
silicate solution shows the typical peak at about 420 nm, identical to the 
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one acquired in water for the neutral species. Upon addition of HCl, the 
raise of the typical band of the protonated AO can be detected at about 
500 nm in the absorption spectrum confirming the response of the dye to 
protonation. The pH of the solution upon increasing addition of HCl was 
measured with a conventional pH-meter and the changes in the 
absorption spectra were analyzed as a function of the pH. This allowed 
us to conclude that the dependence of the absorption spectra from pH 
was the same observed in the absence of silicate and in particular that 
the silicate did not affect significantly the pKa of AO. 
Upon addition of large amounts of HCl, jellification of the solution was 
observed in few minutes. Analyzing the absorption spectra of figure 2.8, 
we concluded that this fast jellification occurs, as expected, at pH about 
10, as confirmed by pH-meter. It is important to notice that the absorption 
spectrum of AO, despite the increase of the baseline due to the 
scattering originated by the gel formation, is not affected by the 
jellification process. This experiment hence demonstrate that the 
absorption spectra can be used to measure the bulk pH of the gel 
using as reference the data acquired for AO in solution. 
In the experiments described in the next chapters, the growth of the 
biomorphs is carried on in specific glass cassette filled with silica gel 
(these cassettes are made by two 100x50 mm2 glasses which are 
separated by a 1 mm thick rubber spacer, and they are half filled with the 
gel; the actual size of the gel is 40x40x1 mm3). In those systems the 
growth process is initiated by injecting a metal salt solution in the empty 
part of the cell. 
In order to understand the behavior of our probe in these particular 
conditions, we investigated the photophysical properties of the AO 
containing gel inside the crystallization cassettes before the injection of 
the metal solution. Since in some cases (e.g. for the formation of calcium 
biomorphs) sodium carbonate will be added to the silicate before gel 
formation, we also investigated the effect of the presence of the 
carbonate on the photophysical properties of the fluorescent gel. 
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Figure 2.8 Absorption spectra of AO in 1:10=s.s.:H2O solution (2.5 mL) adding different 
amount of HCl 1 M. 
 
Figure 2.9 Absorption spectra of AO in gel inside the cassette with or without carbonate. 
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Figure 2.10 Emission spectra of AO in gel inside the cassette with or without carbonate at 
different excitation wavelengths. 
 
Figure 2.11 Excitation spectra of AO in gel inside the cassette with or without carbonate 
at different emission wavelengths. 
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The absorption spectra of two silica gel (either containing carbonate or 
not and both containing AO) are shown in figure 2.9. Despite the small 
difference in the baseline that indicates a slight different transparency, 
these spectra display the same absorption bands. The spectra present a 
band at about 450 nm which is the combination of the bands of the 
protonated and neutral AO in a ratio which is compatible with a pH of 
about 10.5. As previously mentioned we demonstrated that the 
dependence of the absorption of AO on pH is very similar in the gel and 
in water. Nevertheless, this consideration cannot be trivially extended to 
the fluorescence spectra, hence we investigated, experimentally, the 
fluorescence properties of AO in the gel directly in the crystallization 
cassette. 
Fluorescence spectra were recorded in a conventional fluorimeter 
(Edinburgh) by positioning the gel at about 56° angle with respect to the 
excitation to minimize reflectance; the fluorescence was detected on the 
back-face with respect to the excitation (at 90° with respect to the 
excitation in a conventional L configuration). Fluorescence spectra at 
different excitation wavelengths are shown in figure 2.10: the emission 
band is quite broad and the band profile is quite independent on the 
excitation wavelength. In particular, the fluorescence spectra upon 
excitation at 460 nm 480 nm are very similar with a peak around 520 nm 
but the fluorescence intensity is, in the former case, about half than in the 
latter, despite the absorbance at 460 is higher than at 480 nm. 
Considering that at 480 nm excitation light is almost exclusively absorbed 
by AOH+ while at 460 nm half by AOH+ and half by AO, we can conclude 
that the fluorescence of AO is almost completely quenched in the gel. 
This is confirmed by the very weak fluorescence measured upon 
excitation at 400 nm where AO is preferentially excited. These 
conclusions are confirmed by the excitation spectra of the gel, shown in 
figure 2.11, that demonstrate that the dominating emitting species is 
AOH+. Similar results were obtained in the presence of carbonate. 
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Further information about the properties of AO in the silica gel were 
obtained from the fluorescence anisotropy spectra (figure 2.12) and 
excited state lifetimes measurements. 
Fluorescence anisotropy (r) is an indirect measurement of the rotational 
mobility of a fluorescent molecule, in particular a r=0.4 is typical of a 
completely immobilized molecule. Anisotropy values at about 520 nm as 
high as ~0.3 for sodium silicate-water solution and ~0.4 for sodium 
silicate-carbonate one clearly indicate that the AOH+ molecules are 
immobilized in the gel. This was confirmed by the fluorescence 
anisotropy decay. It is worth noticing that at 650 nm, where the 
contribution to the fluorescence of the neutral AO form is higher, the 
fluorescence anisotropy is low, suggesting that this form is not adsorbed 
on the gel. 
 
Figure 2.12 Anisotropy of AO in gel inside the cassette with or without carbonate. 
Fluorescence decays were bi-exponentials and they were fitted with the 
following equation: 
𝐼(𝑡) = 𝐴 + 𝐵1𝑒
(−
𝑡
𝜏1
)
+ 𝐵2𝑒
(−
𝑡
𝜏2
)
. 
Fluorescence anisotropy decays were fitted with the equation: 
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𝑟(𝑡) = 𝐴 + 𝐵1𝑒
(−
𝑡
𝜏1
)
. 
AO gel 
τ1 = 3.5 ns; τ2 = 6.40 ns 
 G = 1.508 (λem = 510 nm) G = 1.546 (λem = 520 nm) 
τanis 12.5816 ns 12.6891 ns 
B 0.077 0.077 
A 0.239 0.248 
 
AO_CO32- gel 
τ1 = 3.79 ns; τ2 = 7.90 ns 
 G = 1.305 (λem = 510 nm) G = 1.418 (λem = 520 nm) 
τanis 12.8152 ns 15.2551 ns 
B 0.071 0.081 
A 0.186 0.147 
 
2.3.2 Photophysical properties of AY in solution and in 
gel 
A second fluorescence pH probe suitable to investigate biomorphs is 
acridine yellow (AY), which is very similar to AO with a site that can be 
protonated as in the following scheme. 
 
The molar absorption coefficient of AY is 3.9x104 M-1cm-1 at 461 nm and 
the fluorescence QY is 0.47. The most relevant difference with respect to 
AO is that AY has a pKa≈8.9 and it can be used to measure lower pH with 
respect to AO. 
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In order to investigate the pH dependence of the photophysical 
properties, a titration experiment was carried out starting from a AY 
solution, with a concentration of 1∙10-5 M in water in the presence of 
buffers (acetate 10-3 M, phosphate 10-3 M, borate 10-3 M) adding small 
amounts of NaOH solution 1 M or 0.1 M and measuring the pH with a pH-
meter. During the titration, absorption and fluorescence spectra were 
recorded as shown in figures 2.13 and figure 2.14, respectively. 
Decreasing the pH below 8.0, the absorption spectra do not show any 
important variations since the protonation of the dye is complete. The 
corresponding absorption spectra show a maximum at 440 nm and can 
be attributed to the protonated species. On the other hand, the 
absorption spectrum at pH>11 shows a maximum at 400 nm that can be 
attributed at the deprotonated species. 
Upon excitation at 440 nm, a quite strong emission with maximum at 510 
nm is observed. The intensity of such emission is pH dependent, showing 
the variation plotted in figure 2.14. 
 
Figure 2.13 Absorbance spectra of AY as a function of pH in buffer solutions. 
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Figure 2.14 Fluorescence spectra of AY with λexc=440 nm in buffer solutions. 
 
Figure 2.15 Absorption spectra of AY in 1:10=s.s.:H2O solution adding different amount 
of HCl 1 M. 
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As for AO, with the aim of using AY as a suitable pH probe in silica gel, 
we first investigated the changes of the absorption properties of this dye 
in silicate during the gel formation. This was first done in optical cuvettes 
(1 cm optical path) by dissolving AY in a silicate solution, and adding 
increasing amount of HCl. 
As it can be seen in fig. 2.15, the absorption spectrum of AO in the 
alkaline silicate solution shows the typical peak at about 400 nm, identical 
to the one acquired in water for the neutral species. Upon addition of HCl 
the raise of the typical band of the protonated AY can be detected at 
about 450 nm in the absorption spectrum confirming the response of the 
dye to protonation. The pH of the solution upon increasing addition of HCl 
was measured with a conventional pH-meter and the changes in the 
absorption spectra were analyzed as a function of the pH. This allowed 
us to conclude that the dependence of the absorption spectra from pH 
was the same observed in the absence of silicate and in particular that 
the silicate did not affect significantly the pKa of AY. 
Upon addition of large amounts of HCl, jellification of the solution was 
observed in few minutes. Analyzing the absorption spectra of figure 2.15, 
we concluded that this fast jellification occurs, as expected, at pH about 
10, as confirmed by pH-meter. It is important to notice that the absorption 
spectrum of AY, despite the increase of the baseline due to the scattering 
originated by the gel formation, is not affected by the jellification process. 
This experiment hence demonstrate that the absorption spectra can be 
used to measure the bulk pH of the gel using as reference the data 
acquired for AY in solution. 
As for AO, we investigated the photophysical properties of the AY 
contained in the gel (in the presence or absence of carbonate) inside the 
crystallization cassettes before the injection of the metal solution. 
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Figure 2.16 Absorption spectra of AY in gel inside the cassette with or without carbonate 
or pouring HCl 1M on the top of the gel without carbonate. 
The absorption spectra of two silica gels (either containing carbonate or 
not and both containing AY) are shown in figure 2.16. After spectral 
deconvolution, necessary in this case to eliminate the contribution due to 
the scattering of the gel, the spectra present a band at about 400 nm 
which can be attributed to the neutral AY, which is the dominating 
species at the pH of about 10.5 of the gel. In order to test the responsivity 
of the gel to pH changes we injected a solution of HCl 0.1M on the top of 
the gel and we acquired the absorption spectrum after two days in order 
to allow the diffusion of the acid into the gel. The resulting spectrum, 
shown in fig. 2.16, clearly demonstrates the protonation of AY. 
Fluorescence spectra at different excitation wavelengths are shown in 
figure 2.17: a defined emission peak at about 500 nm can be detected 
upon excitation of the gel at 400 nm while, on the contrary, only a 
background noise due to excitation scattering is acquired upon excitation 
at 460 nm. This demonstrated that, as expected because of the pKa, AY 
is almost completely non protonated in the gel, that has a bulk pH of 
about 10.6. When the pH is decreased by adding HCl, on the other hand, 
fluorescence at 500 nm upon excitation at 460 nm can be clearly 
detected, being in this case more intense than upon excitation at 400 nm. 
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This demonstrates that AY is protonated and that, differently form AO, 
both AY and AYH+ are fluorescent and present similar QY in the gel. 
These conclusions are confirmed by the excitation spectra of the gel, 
shown in figure 2.18, that demonstrate that in the gel fluorescence is 
mostly due to neutral AY (excitation peak at 400 nm), while after addition 
of HCl the excitation peak of AYH+ at 460 nm can be observed. Similar 
results were obtained in the presence of carbonate. 
 
Figure 2.17 Emission spectra of AY in gel inside the cassette with or without carbonate or 
pouring HCl 1M on the top of the gel without carbonate at different excitation 
wavelengths. 
 
Figure 2.18 Excitation spectra of AY in gel inside the cassette with or without carbonate 
or pouring HCl 1M on the top of the gel. 
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Further information about the properties of AY in the silica gel were 
obtained from the fluorescence anisotropy spectra (fig. 2.19) and excited 
state lifetimes measurements. 
Anisotropy values at about 520 nm as high as ~0.4 measured for the gel 
after penetration of HCl and formation of AYH+ demonstrate that these 
cationic molecules are immobilized in the gel. On the contrary, AY shows 
a low anisotropy which suggests this molecule is not adsorbed on the gel. 
This was confirmed by the fluorescence anisotropy decay. 
 
Figure 2.19 Anisotropy of AY in gel inside the cassette with or without pouring HCl on the 
top of the gel. 
AY gel 
τ1 = 1.07 ns; τ2 = 5.45 ns 
 G = 1.510 (λem = 500 nm) G = 1.546 (λem = 520 nm) 
τanis 0.1703 ns 0.1714 
B 0.013 0.013 
A 0.141 0.149 
 
450 500 550 600 650
0.1
0.2
0.3
0.4
0.5
AY exc400 nm
AY + HCl exc440 nm
/nm
r
63
AY_HCl gel 
τ1 = 4.74 ns; τ2 = 4.16 ns 
 G = 1.305 (λem = 495 nm) G = 1.418 (λem = 510 nm) 
τanis 16.8756 ns 17.9199 
B 0.026 0.027 
A 0.356 0.375 
 
2.3.3 Comparison of AO and AY as pH probes for gel 
measurements 
In conclusion, both AO and AY promise to be suitable for mapping pH in 
the silica gel. The two probes differ first of all for the pKa (10.0 for AO and 
8.9 for AY) which is, in the gel, very similar to the one measured in water 
solution. As far as AO is concerned, the spectra response to pH is very 
different with respect to water upon excitation at 400 nm, since the 
fluorescence of the neutral AO is much weaker in the gel than in water. 
This signal is, in any case, detectable and usable for ratiometric sensing. 
The fluorescence response to pH of AO at excitation at 480 nm is, on the 
other hand, very similar to the one observed in water. 
In the case of AY, the neutral species AY are not quenched in the gel and 
the response to the pH of this probe is in the gel very similar to the one 
shown in water. Both for AY and AO, fluorescence anisotropy 
measurements demonstrate that the cationic forms present very hindered 
rotational mobility in the gel. 
As a main advantage AY shows very weak fluorescence upon 460 nm 
excitation in the gel at the initial bulk pH, while a large increase is 
observed upon protonation. This indicates that AY fluorescence gives a 
huge response to pH decrease in the silica gel which is the most 
important requirement in the pH mapping experiments. Hence AY will be 
used as probe for biomorphs investigation. 
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2.3.4 Photophysical properties of HTPS in solution 
Part of this thesis is dedicated to the investigation of pH in silica gardens 
and more in detail to detect pH changes in the metal solution contained 
inside the hollow tubes during and after tubes formation, because of 
diffusion through the membrane. In this case the solution is acid, and an 
increase of the pH is expected because of the possible diffusion of OH- 
ion from the alkaline external silica solution. Hence, we preferred to focus 
on probes that showed weak fluorescence in the acidic form and bright 
fluorescence upon pH increase (hence and ON/OFF response to 
protonation: the opposite behavior with respect to AO and AY). Moreover, 
considered that the metal solutions show a pH<<7.0, a probe with a pKa 
around 7.0 is expected to be suitable to observe increase of pH inside 
the tubes. 
The pH probe 8-hydroxypyrene-1,3,6-trisulfonic acid (HPTS) shows the 
desired ON/OFF response to protonation and a pKa≈7.3: 
 
We studied HPTS photophysical properties as a function of pH starting 
from an acidic solution of the dye (1∙10-5 M) in water in the presence of 
buffers (acetate 10-3 M, phosphate 10-3 M, borate 10-3 M) by adding small 
amount of NaOH solution 1 M or 0.1 M and measuring the pH with a pH-
meter. During this titration experiment, absorption and fluorescence 
spectra were recorded: some selected spectra are shown in figures 2.20 
and 2.21 – 2.22, respectively. Contrary to the behavior of AO and AY 
dyes, decreasing the pH below 6.0, the absorption spectrum does not 
produce any variation since the protonation of the dye is complete. The 
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corresponding absorption spectrum shows a maximum at 375 nm that 
can be attributed to the protonated species. In a similar way, the 
absorption spectrum at pH>9.0, having a maximum at 440 nm, can be 
attributed to the deprotonated species. The presence of an isosbestic 
point at 420 nm is observed during the pH titration as expected for the 
presence of only two absorbing species. 
 
Figure 2.20 Absorbance spectra of HPTS as a function of pH in buffer solutions. 
 
Figure 2.21 HPTS titration emission at λexc=375 nm as a function of pH in buffer 
solutions. 
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Upon excitation at 375 nm, a quite strong emission with maximum at 510 
nm is observed. The intensity of such emission is pH dependent, showing 
the variation plotted in figure 2.21. 
As it can be seen, increasing the pH there is a decrease of the 
fluorescence intensity. 
On the other hand, upon excitation at 440 nm, a quite strong pH 
dependent emission with maximum also in this case at 510 nm is 
observed, but the intensity increases with the increase of the pH, as 
plotted in figure 2.22. 
 
Figure 2.22 HPTS titration emission at λexc=440 nm as a function of pH in buffer 
solutions. 
The lifetimes of HPTS are reported in chapter 6.4.1, where I needed 
them to explain the behavior of silica gardens growth. 
We would like to stress that HPTS is a well known strong photoacid, so 
that in the excited state pKa* < pKa. Because of this, the relationship 
between fluorescence and pH does not follow the simple equilibrium 
equations, since the excited state reaction alters the emission. 
Nevertheless, the experimental results showed that the fluorescence 
67
response can be fitted with a simplified model with an apparent pKa. This 
simplified approach was followed in this work. 
2.4 Conversion of fluorescence into pH 
In order to correlate fluorescence intensity with the pH, we use the 
ImageJ software for images analysis. In particular, we wrote a specific 
macro based on the equilibrium reaction of the protonated and the 
deprotonated molecules of the dyes: 
𝐴𝐻+ + 𝐻2𝑂 ⇄ 𝐻3𝑂
+ + 𝐴. 
It is easy to find that: 
𝑘𝑎 =
[𝐻3𝑂
+][𝐴]
[𝐴𝐻+]
 
𝑘𝑎 =
[𝐻3𝑂
+][𝐴]
𝐶𝐴𝐻 − [𝐴]
, 
considering that 
𝑐 = [𝐻𝐴+] + [𝐴] = costant. 
Then, the consequent math is the following: 
[𝐻3𝑂
+] = 𝐾𝑎
𝐶𝐴𝐻+ − [𝐴]
[𝐴]
 
[𝐻3𝑂
+] = 𝐾𝑎 (
1
𝜒𝐴
− 1), 
where 𝜒𝐴 is the molar fraction of the A molecules. 
Considering then the equation reported in section 2.1: 
𝐼 = (𝐼2 − 𝐼1)𝜒𝐴 + 𝐼1 
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and replacing it with 𝜒𝐴 =
[𝐴]
𝑐
: 
𝐼 = 𝐼1
[𝐴𝐻+]
𝑐
+ 𝐼2
[𝐴]
𝑐
, 
which can be wrote like this 
𝐼 = 𝐼𝑎𝑐𝜒𝐴𝐻+ + 𝐼𝑎𝑙𝑘𝜒𝐴. 
Continuing the equations: 
𝐼 = 𝐼𝑎𝑐(1 − 𝜒𝐴) + 𝐼𝑎𝑙𝑘𝜒𝐴 
𝐼 = 𝐼𝑎𝑐 + (𝐼𝑎𝑙𝑘 − 𝐼𝑎𝑐)𝜒𝐴 
𝜒𝐴 =
𝐼 − 𝐼𝑎𝑐
𝐼𝑎𝑙𝑘 − 𝐼𝑎𝑐
 
and then substituting this value of 𝜒𝐴 into the previous expression it is 
[𝐻3𝑂
+] = 𝑘𝑎 (
𝐼𝑎𝑙𝑘 − 𝐼𝑎𝑐
𝐼 − 𝐼𝑎𝑐
− 1). 
At this point, it is simple to transform [𝐻3𝑂
+] into pH: 
𝑝𝐻 = 𝑝𝑘𝑎 − log (
𝐼𝑎𝑙𝑘 − 𝐼𝑎𝑐
𝐼 − 𝐼𝑎𝑐
− 1) 
𝑝𝐻 = 𝑝𝑘𝑎 − log (
𝐼𝑎𝑙𝑘 − 𝐼
𝐼 − 𝐼𝑎𝑐
) ; 
considering that we called previously 𝐼𝑎𝑙𝑘 as 𝐼2 and 𝐼𝑎𝑐 as 𝐼1, the 
overhead equation turns into the following one: 
𝑝𝐻 = 𝑝𝑘𝑎 − log (
𝐼2 − 𝐼
𝐼 − 𝐼1
). 
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This expression was used to write a macro for the ImageJ software in 
order to convert intensity profiles into pH maps. 
It is important to stress that if the total concentration of the two species 
AH+ and A is not constant, the calculated pH deviates from the one 
obtained with this macro. 
Once these equations are imported inside the ImageJ software as a 
macro and once this macro is run over the selected fluorescence 
intensity images, the result obtained gives in false colors the pH map of 
the images (example reported in the following figure). 
 
Figure 2.23 One frame from a real time film of calcium gel-grown biomorphs in false 
colors reproducing the intensities (left) and the corresponding pH values (right) after the 
application of the ImageJ macro. 
2.5 Ratiometric detection of pH 
Ratiometric spectroscopic method requires fluorescent sensors that are 
differentially sensitive to the analyte (i.e., protons for pH probes) for at 
least two excitation or emission wavelengths.[15],[16] Emission at one 
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carefully chosen wavelength may be enhanced or diminished relative to 
the emission at another one. Ratios between these signals then can be 
calibrated to indicate pH values. Several advantages characterize 
ratiometric detection: parameters such as optical path length, local probe 
concentration and photobleaching can be corrected.[10] 
With the purpose to apply a ratiometric detection over the acquired 
fluorescence images, two different excitations were used and two 
different emission frames are acquired. Obviously, the fluorescent probe 
must be excitable at two different wavelengths. In the simplest case, 
ratiometric response can be achieved when the pH probe at one 
excitation wavelength gives a strongly pH dependent (originating the 
signal image 𝐼1), while at another excitation wavelength it shows a pH 
independent fluorescence (the reference image 𝐼2). More in general, as 
mentioned, ratiometric detection is possible when 𝐼1 and 𝐼1 show a 
different pH dependence by using the ratio 𝑅 =
𝐼1
𝐼2
 for calculating the pH. 
Also in this case we developed a suitable ImageJ macro that converted 
this ratio intensity R into a more reliable pH map, using the same 
equation reported before: 
𝑝𝐻 = 𝑝𝑘𝑎 − 𝑙𝑜𝑔 (
𝑅2 − 𝑅
𝑅 − 𝑅1
), 
where R1 and R2 are the ratiometric values obtained at 𝑝𝐻1 and 𝑝𝐻2, 
where 𝑝𝐻2 ≫ 𝑝𝑘𝑎 and 𝑝𝐻1 ≪ 𝑝𝑘𝑎 . 
If we want to plot the ratiometric signal as a function of pH, we have to 
rewrite this formula, and the resulting equation is: 
𝑅 =
𝑅2 + 𝑅1(10
𝑝𝐾𝑎−𝑝𝐻)
10𝑝𝐾𝑎−𝑝𝐻 + 1
. 
The following figure shows the calibration plot, obtained with the previous 
equation, used for the AY dye which we used the ratiometric detection 
with: 
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Figure 2.24 The calibration plot of AY dye used for the ratiometric detection. 
Here is shown how the ratiometric detection and the conversion into pH 
work, using as example a frame collected during a Ca-biomorphs growth 
inside the gel filled with AY dye: 
 
Figure 2.25 An example of how the ratiometric detection works: the ratio R is obtained 
dividing the signal intensity values by the reference ones. Then, this ratiometric intensity 
values can be used to obtain a more accurate pH map. 
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3 Experimental equipment 
3.1 Absorption and fluorescence spectroscopy 
3.1.1 Absorption 
Molecules can be excited if some peculiar “perturbations” with an exact 
quantity of energy excite them. This quantity of energy should be exactly 
the energetic difference between the ground and the excited state: in this 
case, the energy can be absorbed by the molecule and the excited state 
is formed. The electronic transitions require energies with typical 
frequencies of UV-VIS light. These absorbed energies generate the 
absorption spectra.[1] 
For the spectroscopic analysis, a spectrophotometer was used: in 
particular, a PerkinElmer Lambda 25 UV–VIS spectrophotometer (figure 
3.1a). 
 
Figure 3.1 a) Spectrophotometer. b) Spectrofluorometer. 
The solutions were housed in quartz cuvette for measurements with 
optical path length of 1 cm. 
3.1.2 Fluorescence 
Fluorescence spectroscopy is a technique that uses radiative 
deactivation of an excited molecule, following the selection rules. For this 
reason, the fluorescence transitions can happen very fast (10-9 – 10-6 s). 
The emission is extremely sensitive to impurities that can originate 
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bimolecular processes of deactivation that compete with emission: this 
process is called quenching.[1] 
A FluoroMax-4 (HORIBA) spectrofluorimeter (figure 3.1b) was used. And 
also in this case the solutions were housed in quartz cuvette for 
measurements with optical path length of 1 cm. 
3.1.3 Single photon counting 
As told before, luminescence can be characterized by the energy profile 
emission, but also by its lifetime (τ), namely the temporal characteristics 
of the emission measuring its intensity as a function of time. 
The lifetime of an excited state that decades to the ground state can be 
calculated by its concentration as a function of time. The majority of 
methodologies that allow to calculate the lifetime of an excited state are 
named time domain measurements because of this. 
The technique known as time correlated single photon counting is based 
on the probability that a single photon emitted by an excited state of a 
molecule could be detected by a highly sensitive photomultiplier, in a 
temporal range from hundreds of ps to tens of ms.[2] 
For our measurements, a FLS900 Edinburgh time resolved fluorescence 
spectrometer was used: 
 
Figure 3.2 Single photon counting instrument. 
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3.1.4 Steady state and time resolved fluorescence 
anisotropy 
Fluorescence anisotropy measurements are mostly used in order to 
study the dynamic of rotation of a fluorophore in space and the energy 
transfer from an excited fluorophore to its ground state. The constant rate 
and the degrees of freedom are strongly dependent on the properties of 
the fluorophore, such as the mass and the structure, and of the 
surrounding environment. Fluorescence anisotropy measure the degree 
of polaritation of the fluorescence coming from a molecule excited with 
polarized light. 
 
Figure 3.3 Schematic representation of how fluorescence anisotropy works.[2] 
Interposing the excitation polarizer between the excitation source and the 
sample holder, as it is shown in figure 3.3, a vertical polarized light is 
obtained and the sample is excited. The emission polarizer analyzes the 
fluorescence, and the fluorescence anisotropy is calculated from the 
intensities as following: 
𝑟 =
𝐼|| − 𝐼⏊
𝐼|| + 2𝐼⏊
 
where 𝐼|| is the intensity measured when the emission polarizer is 
vertical, namely parallel to the excitation one, while 𝐼⏊is the intensity 
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measured when the emission polarizer is horizontal, namely 
perpendicular to the excitation one. 
Each electronic transition is associated to a transition moment, a vector 
that is the origin of the polarized electronic transition of the molecule and 
that has a specific orientation regarding to the molecule structure. 
Generally speaking, when the deactivation of an excited state happens in 
a radiative way, the emitted photon is polarized in parallel to the transition 
moment. 
It is possible to measure the angle between the transition moment 
associated to whatever absorption transition and the one associated to 
the emission transition: 
𝑟0 =
2
5
(
3 cos2 𝛽 − 1
2
) 
where 𝑟0is named fundamental anisotropy, that is the anisotropy in 
absence of rotation. 
It has to be noted that if 𝑟0is 0.4 it means that there is a perfect 
parallelism between the absorption transition and the emission one; while 
if 𝑟0is -0.2 it means that between them there is a perfect perpendicularity. 
Molecules are free to diffuse and rotate into space: this means that, even 
if they can be polarisingly excited, they can be strongly affected on their 
emission polarity. Between the excitation and the emission, molecules 
can reorientate themselves due to Brownian motion. This leads to a 
general non-polarized emission light; a phenomenon called 
depolarization, that exists just if the reorientation happens with a velocity 
equal or faster than τ. This reorientation time is called rotational 
correlation time: 
𝑟0
𝑟
= 1 +
𝜏
𝜃
= 1 + 6𝐷𝜏 
where D is rotational diffusion coefficient. 
Another important cause that leads to depolarization is the energy 
transfer between similar fluorophores. 
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Actually, the response of the instrument is not independent from the 
polarized light: this means that the measured angle is different with the 
same intensity of the vertical (V) and the horizontal (H) components. In 
order to avoid this problem, there is a correction factor dependent on the 
used instrument and the emission wavelength: the G factor. 
𝑟 =
𝐼𝑉𝑉 − 𝐺𝐼𝑉𝐻
𝐼𝑉𝑉 + 2𝐺𝐼𝑉𝐻
 
𝐺 =
𝐼𝐻𝑉
𝐼𝐻𝐻
 
This G factor is purely experimental that has to be determined for each 
wavelength. 
Until now, all the done considerations have been connected to anisotropy 
measurements in stationary state. It is possible to study time resolved 
fluorescence anisotropy: this kind of measurement is useful when the 
depolarization processes are faster than τ, that means that the majority of 
the emitted light is not polarized. Using pulsed light techniques, instead, it 
is possible to acquire anisotropy of these molecules with very fast 
depolarization. However, in this case, r0 does not match perfectly with the 
anisotropy at time zero because in general the depolarization processes 
are faster than the pulse duration used for the excitation: this means that 
r0 has a mean value over the entire impulse duration. 
The equation reported above to determine the anisotropy (r) is the same 
for time resolved anisotropy, but it is important to notice that, in order to 
obtain two compatible decays, it is fundamental to use the same 
acquisition time. Moreover, the interpolation of the fluorescence 
anisotropy decays can be done using the following equation: 
𝑟(𝑡) = 𝑟0𝑒
−𝑡/𝜃. 
However, this approach does not permit the deconvolution from 
excitation pulse.[2] 
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3.2 Wide field fluorescence microscopy 
In order to study the crystals, a fluorophore that allows to follow their 
growth was required. Two types of microscopes were used to investigate 
the behavior of these structures: wide field and confocal fluorescence 
microscopes. 
In this section wide field fluorescence microscope is going to be 
discussed. It allows to collect a high number of frames per minutes in low 
power excitation conditions and hence to follow the process with 
adequate temporal resolution for hours without severe effect of 
photobleaching. The main drawback of this technique is that it does not 
allow to cut out the fluorescence coming from the layers of the system 
out of focus which, especially in thick samples, origin a strong 
background. Nevertheless, by properly choosing the pH sensitive 
fluorophore, the signal arising from the bulk can be minimized and hence 
the effect of the background fluorescence too. 
3.2.1 The basic set up 
The basic task of the fluorescence microscope is to irradiate the 
specimen with the desired wavelength and then to separate the much 
weaker emitted light (fluorescence) from the excitation light. Only the 
emission light should reach the eye or other detector so that the 
fluorescent areas are contrasted against a dark background. The 
detection limit is largely determined by the darkness of the background. 
The excitation light is typically 105 or 106 times brighter than the emitted 
light.[3] 
In our case the specimen is illuminated by a xenon lamp beam which is 
focused on the back focus of the microscope objective by a lens of 50 
mm focal length. In order to obtain a ratiometric detection (see chapter 
2.5), two kinds of excitation filters were used: 445/45 nm (that gives the 
signal fluorescence images) and 390/18 nm (that gives the reference 
intensities). 
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Figure 3.4 Spectra of the two different excitation filters by Thorlabs® used to obtain 
ratiometric detection. 
The light coming from the lamp passes through the excitation filter where 
there is the selection of the excitation wavelength light (excitation filters 
wheel) and the blockage of undesired wavelengths (attenuator filters 
wheel, which could have filters of transmittance between 50% and 
0.01%). 
 
Figure 3.5 Pictures of the wide field microscope used with enlarged view of the excitation 
part (left) and the stage (right) where the sample is laid down. 
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In the path between the lens and the objective (whose optical axes are 
perpendicular) the beam is reflected by a dichroic mirror (that reflects 
light in a given wavelength range - the excitation one - and transmits that 
of a longer wavelength, namely the fluorescence). This dichromatic beam 
splitter is tilted at 45° to the incoming excitation light and reflects the 
excitation light at a 90° angle directly through the objective and onto the 
specimen: 
 
Figure 3.6 Dichroic mirror and barrier filter in a typical cube for insertion inside 
microscope. 
Since the beam converges in the back focus of the objectives 
(OLYMPUS brand, with different magnification depending on the 
measurements), it exits the microscope as a spot composed of beams 
parallel to the optical axis that irradiate the specimen in a homogeneous 
way within a circle that depends on the optical aperture of the excitation 
system. In the specimen the light is absorbed by the fluorophores, that 
start to emit fluorescence light in random directions and with a 
wavelength longer than that of the excitation. 
The fluorescence microscope used is an optical inverted instrument, 
where a lens (called tube lens, 180 mm focal length) reconstructs the 
enlarged infinity focused image of a sample placed in the focal plane of 
the objective on the sensor of the detector. In particular, the microscope 
used is an Olympus IX71: 
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Figure 3.7 Schematic representation of optical structure of the microscope. 
 
Figure 3.8 All the parts of an Olympus IX71 microscope. 
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Because the emitted light consists of longer wavelengths, it is able to 
pass through the dichroic mirror. Any scattered excitation light reaching 
the dichroic mirror is reflected toward the light source.[4] 
3.2.2 Set-up for simultaneous fluorescence and 
transmission detection 
With the aim to collect simultaneously transmission and emission images 
of the samples, two cameras were put on the exiting path light. In order to 
do this, a beam splitter was put just before the two cameras: then, it was 
necessary to put an emission filter (a green one) just before the EMCCD 
camera (Photon Max) used to detect emission light in order to avoid all 
the undesired wavelength, and another emission filter (a red one) just 
before the B&W camera (Tube Lens) used to collect transmission images 
to avoid all the emission light: 
 
Figure 3.9 Schematic representation of the filters setup of the microscope for the two 
detection channels. 
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A similar band pass filter of 640/20 nm was laid down over the cassette in 
which crystals were created in order to make the microscope light not be 
seen by EMCCD camera. It has to be noted that these filters are useful 
for all the different kinds of dyes I used during the experiments. 
 
Figure 3.10 Picture of the double channel emission part of the wide field microscope 
used. 
Considering these filters, the dichroic mirror that best suited my setup is 
MD480 produced by Thorlabs©, whose characteristic spectrum is shown 
below: 
 
Figure 3.11 Transmittance spectrum of the used MD480 dichroic mirror by Thorlabs®. 
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3.3 Confocal microscopy 
3.3.1 Conventional confocal microscope 
Differently from wide field fluorescence microscope, confocal one offers 
several advantages such as shallow depth of field, elimination of out-of-
focus glare, and the ability to collect serial optical sections from thick 
specimens. 
In wide field microscope, the entire specimen is bathed in light from the 
lamp source, while in confocal microscope the illumination is achieved by 
scanning one or more focused beams of light across the specimen, the 
so called optical sections. Considering this, when a widefield fluorescent 
microscope is used to observe specimens, secondary fluorescence 
emitted by the specimen appears away from the region of interest, often 
interfering with the resolution of those features that are in focus. The 
thicker is the specimen the more problematic is the situation. On the 
other hand, confocal imaging approach provides a marginal improvement 
in both axial and lateral resolution. Another important consequence of 
being able to scan different optical sections is that it is possible to collect 
three-dimensional (z-series) data over the same sample with the same x-
y coordinates.[5] 
The confocal inverted microscope used was a Zeiss one, more precisely 
the one in GenYo department of the Univeristy of Granada: 
 
Figure 3.12 The Zeiss confocal inverted microscope used. 
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3.3.2 Fluorescence Lifetime imaging microscopy 
Fluorescence Lifetime Imaging Microscopy (FLIM) produces an image 
based on the differences in the excited state decay rate from a 
fluorescent sample. Thus, FLIM is a fluorescence imaging technique 
where the contrast is based on the lifetime of individual fluorophores 
rather than their emission spectra. It has to be considered that 
fluorescence lifetime does not depend on concentration, absorption by 
the sample, sample thickness, photo-bleaching and/or excitation 
intensity, and, on the other hand, it depends on many different 
environmental parameters such as pH, ion or oxygen concentration, 
molecular binding or the proximity of energy acceptors, in order to obtain 
congruent results.[6] 
The FLIM used was a MicroTime 200 of the PicoQuant company: 
 
Figure 3.13 The FLIM used: outer (left) and inner (right) views. 
3.4 Preparation of biomorph in gel 
3.4.1 The crystallization cell 
With the aim to create biomorphs in gel, two identical rectangular plates 
(typically about 10x4 cm) of thin glass were used, separated by 
appropriately cut frame of rubber (1–2 mm of thickness) covered with 
grease on both sides to seal the contact area with the plates. Further, 
three needles are inserted between the rubber and the plates, in order to 
poured inside the solutions. The whole assembly is finally fixed by 
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applying clamps around the rim, pressing together the glass plates and 
the rubber in order to seal the whole cassette: 
 
Figure 3.14 Gel-grown biomorphs cassette.[7] 
3.4.2 Preparation of the sample 
In order to prepare the gel over which pouring the barium solution, a 
commercial sodium silicate was diluted in a ratio of 1:10 (v/v) with water 
and then 3.25 mL of 1 M HCl were added to 10 mL of this solution with 
the aim to gellify the mix, and then this mix was put under vigorous 
stirring. When the gel is formed, after 5 days latest, a solution of BaCl2 
0.5 M or of CaCl2 0.2 M, depending on which kind of biomorphs I wanted 
to create, was poured on top of it. Doing this, the diffusion of Ba2+ or Ca2+ 
ions across the gel-solution interface will gradually increase the 
supersaturation of carbonate and decrease the pH, as functions of time 
and location in the gel. At the same time, counterdiffusion of silicate 
species and OH- ions into the supernatant metal salt reservoir raises the 
pH (initially ca. 5.5), such that carbonate crystallization will eventually 
take place there, yielding structures similar to those formed in a regular 
solution synthesis.[8] 
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3.5 Preparation of silica gardens 
The most common way to produce silica gardens is to place crystals of a 
metal salt into a beaker and pour alkaline silica solution on them (or, 
conversely, submerge the salt crystals into a large volume of the sol). 
 
Figure 3.15 Typical method to make silica gardens growth.[7] 
The metal salt should contain cations that precipitate upon reaction with 
hydroxide and/or silicate anions (which is essentially true for all 
multivalent cations): the most typical cations are Co2+, Fe2+/3+, Cu2+, Ni2+, 
Zn2+, Mn2+, Al3+, and Ca2+ in salts with counterions such as Cl-, NO3-, or 
SO42-.[9],[10],[11] 
The concentration of the solution (and with it, the different pH) change 
the morphological evolution, and the optimum range of silica 
concentrations varies depending on the type of metal salt used to create 
the chemical garden. The choice of the cation determines the color of the 
resulting precipitates, while morphologies seem to be not affected by it.[7] 
Considering our inverted microscopes setup, which requires that the 
sample has to be spread out on the horizontal stage, the cassette in 
which silica garden had to be grown should be totally different. With this 
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aim, I created a double layer made of two microscope and/or cover slides 
(depending on the working distance of the objective that was used) 
separated by a double layer of tape on two edges, in order to give some 
space to the metal salt to grow as a silica garden. In the middle of the two 
glass slides I put at the beginning a piece of the metal salt and the I 
poured through an open edge the silicate solution. Lately I was also used 
to use directly a drop of 2 µL of solution of the metal salt, that Prof. Juan 
Manuel García-Ruiz and co-workers discovered recently, in the middle of 
a cover slip glass and then a bigger drop of sodium solution on a 
microscope slide or another cover slip. Then I put them in contact and 
started with the acquisition. 
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4 Barium biomorphs in gel 
4.1 Introduction 
The growth of biomorphs in silica gel was investigated in the presence of 
a fluorescent pH probe with the aim to map the local pH during the 
process by fluorescence microscopy. The experimental setup is 
described in detail in chapter 3. In summary, a glass crystallization cell 
having an internal size of about 80x40x1 mm3 (see figure 4.1) was half-
filled with the gel solution precursor containing the fluorescent probe. 
After jellification (the setting takes several days), a solution of BaCl2 was 
injected on top of the gel ins the empty part of the cell.[1] The solution and 
the gel come into contact at the interface and diffusion of the barium from 
the solution into the gel starts.[2] The permeation of the barium solution 
into the gel creates a time dependent profile of the metal and initiates 
chemical reactions that finally bring to the formation of the biomorphs 
which are expected and in part known to induce changes in the local 
pH.[3],[4] Investigating these local pH changes is one of the objective of 
this PhD thesis work. 
 
Figure 4.1 Picture of a typical cassette used to create gel-grown barium biomorphs. 
4.2 Brief description of the experimental approach 
Mapping fluorescence and pH in a large (several cm2) system as a gel 
with good spatial resolution and precision for several days is a hard task. 
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In the first experiments we tried to image the whole area of the gel (about 
40x40 mm2) simultaneously using a custom optical set up. In this initial 
approach we used a Xe lamp in combination with specific filter for the 
excitation while the fluorescence was acquired through a photographic 
objective and a CCD camera. This approach gave quite poor quality 
results because of the following problems: 
1) weak signal. Imaging of a large area requires to position the 
objective quite far (several centimeter) from the sample. As a 
consequence, a very small fraction of the emitted light 
(fluorescence) is collected; 
2) signal intensity can be in part improved by increasing the 
excitation intensity. As a severe drawback this causes a serious 
photobleaching of the pH probe; 
3) sensitivity can be improved by using amplified CCD camera for 
detection (EMCCD). Nevertheless, EMCCD sensors are typically 
composed by a limited array of pixel (512x512), hence poor 
resolution is achieved when a large area is observed. 
Hence for a complete pH mapping, we preferred to use a wide field 
fluorescence microscope, to acquire and combine different images, each 
of them corresponding to a size of about 5x5 mm2, as schematized in 
figure 4.2. The use of the microscope allowed us to collect fluorescence 
in close proximity to the gel with a high numerical aperture (NA) objective 
and an EMCCD camera, increasing the sensitivity. Moreover, acceptable 
resolution could be achieved mapping relatively small area. 
Although photo-bleaching was in part reduced by decreasing the 
excitation intensity, considering the duration of the experiment (about 3 
weeks including gel preparation), its effect on the fluorescent probe 
became relevant especially considered that photodegradation becomes 
very sever in alkaline environment. Additionally, undesired diffusion of the 
probe in the gel during the experiment was observed. 
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Figure 4.2 Frames of the different areas chosen to monitor the gel-grown barium 
biomorphs. λexc=460 nm. 
In order to avoid these problems, we preferred to use the ratiometric 
signal detection for pH measurements, since it allows to take into 
account possible dis-homogeneity in the distribution of the pH probe in 
the gel arising from probe photo-bleaching or diffusion. 
As mentioned in chapter 3 this method is based on the acquisition of two 
signals that present a different dependence on the pH (for example one 
is pH dependent and the other is pH independent) and to combine them 
to have a parameter which is independent on the probe concentration. 
The criteria at the basis of the choice of the pH probe have been widely 
discussed in chapter 3. In particular, we selected a pH probe that could 
switch on its fluorescence (being very weakly fluorescent in the alkaline 
form) upon protonation at about 1 pH unit below the bulk pH of the gel 
which is about 10.6. We investigated acridine orange (AO) and acridine 
yellow (AY) that demonstrated to match these requirements (see chapter 
3). Comparing these two dyes we concluded that AY, for the pKa and the 
photophysical properties in silica gel, was the most suitable pH probe. 
Preliminar experiments confirmed this expectation. 
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4.3 Results and discussion 
The gel was prepared as described in experimental section 3.5.2, using a 
commercial sodium silicate solution (Sigma Aldrich) diluted in a ratio 1:10 
(v:v) with MilliQ water, to which HCl 1M (325 µL/mL with respect to the 
diluted silica) was added in order to activate the jellification process. The 
HCl solution also contained the pH fluorescent probe AY at a 
concentration 0.33 mM. 
Silicate content of commercial sodium silicate is expressed in terms of 
amount of silica (SiO2 about 27% w/w) and Na2O (about 8% w/w). These 
concertation values correspond to a 6.0 M molar concentration of SiO2 
while of Na2O is 1.7 M. Hence the dilute solution (1:10 v:v) contained 
SiO2 0.45 M, Na2O 0.17 M and HCl 0.3 M. 
In figure1.8 is shown the titration plot of 10 mL of the diluted silica 
solution with HCl 1 M.[2] The initial pH of the solution is about 11.8 and a 
small decrease is observed up to the addition of 3 mL (pH=10.8). The 
pKa of Si(OH)2O2= is about 9.9 and this pH is reached after the addition of 
about 3.5 mL of HCl. This corresponds to the complete neutralization of 
Na2O (0.17 M, corresponding to NaOH 0.34 M). 
From geometrical considerations we estimated the volume of the cell 
shown in figure 4.1 to be 80x40x1 mm2 and hence about 320 µL. Hence, 
about 160 µL were necessary to fill half-cell. For each experiment we 
prepared 3 mL of gel precursor solution and five different cells. The 
cassettes were positioned vertical and kept at room temperature in the 
dark for 5 days in order to allow the complete setting of the gel. Final gel 
had a pH of about 10.6-10.8. Gel presenting bubbles or fractures were 
discarded. 
The formation of the barium carbonate biomorphs was initiated by 
injecting, very slowly, a solution of BaCl2 (0.25 M) on the top of the 
formed gel. The diffusion of the barium solution into the gel produced a 
partial decrease of the transparency of the gel that became slightly turbid 
at the interface. 
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In order to correlate the fluorescence change to biomorphs formation it 
was fundamental to acquire simultaneously the optical transmission 
image of the gel and the fluorescence one. For this purpose, we 
developed a specific setup which is described in detail in chapter 3. In 
particular, we used the illuminator (on the top of the sample in the 
inverted configuration of microscope Olympus IX-71) to acquire the 
transmission image with a black and white conventional CCD camera 
(The ImagingSource). The fluorescence image was acquired with an 
amplified camera EMCCD (Princeton PhotonMax 512) upon excitation 
with a xenon lamp connected through an optical fiber to the back-port of 
the microscope. The two cameras were coupled to the left port of the 
microscope (exit port) by splitting the image with a prism (50/50). To 
avoid cross-taking between fluorescence and transmission detection we 
used two well separated color channels. Considered that the AY 
emission is green, inside the channel used to acquire fluorescence a 
suitable band-pass filter (520/40 nm) was inserted in the front of the 
EMCCD camera. For transmission, red channel was used by filtering the 
illuminator light with a red band-pass (650/40 nm) filter. Summarizing we 
used a two-channels system using a red band-pass filter for optical 
transmission and a green one for fluorescence. 
As previously discussed, our first experiments demonstrated that 
photobleaching and pH probe diffusion are very critical, so finally we 
developed an approach alternative to simple single channel detection of 
the fluorescence exploiting ratiometric imaging. 
This method required the use of suitable pH probe (we showed that AY is 
appropriate) and the simultaneous acquisition of two fluorescence 
images at different excitation wavelengths. This was achieved by using 
two different band pass excitation filters for the xenon lamp and in 
particular a first filter (EXC1) centered at 390/18 nm and a second one 
(EXC2) at 445/45 nm. Summarizing, we acquired a set of 3 image for 
each time (t) of observation, hence: transmission (T(t)), fluorescence at 
EXC1 (F1(t)) and fluorescence at EXC2 (F2(t)). We would like to stress 
that indeed it is not experimentally possible to detect images F1 and F2 
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exactly at the same time since it is required to alternate excitation EXC1 
and EXC2. Nevertheless, considered that the processes under 
investigation (diffusion and biomorphs formation) are quite slow we first 
verified in preliminary experiments that no detectable changes in the 
images occur in a 120 seconds time interval and hence we assumed that 
the images acquired within 60 seconds could be considered as 
simultaneously acquired. 
 
Figure 4.3 Transmission image (left) and pH map (right) calculated from ratiometric 
intensity analysis (λexc1=400 nm, λexc2=460 nm) immediately after the injection of BaCl2 
solution. Images were collected with a wide field fluorescence microscope. 
In the representative experiment we reported in this chapter, the process 
of biomorphs growth was investigated for 5 days after the injection of 
BaCl2 solution. As mentioned the field observed with the microscope at a 
2X magnification objective was 5x5 mm2, hence, in order to map the pH, 
five different images were acquired at different distances with respect to 
the interface (0, 5, 10, 15 and 20 mm) to cover a total area of 25x5 mm2. 
Summarizing, at any time t it was necessary to acquire three images 
(T, F1, F2) at five different positions x as a total of 15 images. 
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Nevertheless, preliminary experiments showed that during the first hour 
of observation diffusion was limited to the first 5 mm layer, so we 
preferred to avoid to reposition the sample during first initial time. 
In order to calculate pH fluorescence images, F1 and F2 were processed 
to calculate the ratiometric signal R=F1/F2 that was hence converted into 
pH using ImageJ software. 
 
Figure 4.4 Intensity ratio of the signal (λexc2=460 nm) and the reference (λexc1=400 nm) 
along the different frames reported in fig. 4.1 at different times. 
Figure 4.3 shows the transmission and pH images acquired immediately 
after the injection of BaCl2 in the top of the cell. In the transmission 
images a dark band can be observed in the close proximity of the 
interface that indicates the precipitation of hydrate barium silicate or 
barium carbonate. Considered that the concentration of carbonate is 
very low in the system, we believe that it concerns the formation of 
silicate more likely, although a more detailed investigation of the nature of 
the precipitate in the closed system was not possible. Interestingly the pH 
map (figure 4.3 right) reveals a drop of the pH from 10.6 to about 9.0 at 
the interface. A decrease of the pH, even if less pronounced, is observed 
also in the gel region in close proximity to this precipitation band. The pH 
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dependence on the distance from the interface can be better analyzed by 
plotting the fluorescence intensity ratio R (which is the experimental 
parameter used for pH calculation) or the calculated pH as a function of 
the distance from the interface. The plots are shown in figure 4.4 and 4.5, 
respectively, and they were obtained with the function “plot profile” of 
ImageJ. 
 
Figure 4.5 pH along the different frames reported in figure 5.2 at different times. 
The ratiometric fluorescence profile at t=0 min is shown in figure 4.4. as a 
black line: the ratiometric signal decreases fast to the bulk value (R~1.0) 
in the first 2 mm from the interface. This change corresponds in the pH 
plots of figure 4.5 to a rise of the pH from about 9.0 to the bulk value 10.6 
in the same 2 mm. We would like to stress that the images of figure 4.3 
are the first one acquired after barium injection and correspond to 
acquisition time t=0 min but indeed about 1-2 minutes are necessary for 
this first acquisition, and so partial diffusion of the barium into the gel 
already occurred. 
The change in pH observed in the gel near the interface (from 10.6 to 9) 
is dramatic if it is considered that, looking at the titration curve of figure 
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1.8, it corresponds virtually to the addition of HCl 0.1 M. This completely 
ruled out the possibility that the pH change is due to the formation of 
barium carbonate; this would require a concentration of carbonate in the 
gel of the same order of magnitude, namely 0.1 M, which is not 
reasonable to consider even if the gel was partially exposed to air CO2. 
We can hence conclude that acidification is due to barium silicate 
formation.[3] 
 
Figure 4.6 Transmission image (left) and pH map (right) calculated from ratiometric 
intensity analysis (λexc1=400 nm, λexc2=460 nm) 30 min after the injection of BaCl2 
solution. Images were collected with a wide field fluorescence microscope. 
The formation of visible individual crystals is possible already 15 min after 
Ba injection. In particular, figure 4.6 shows in the transmission image on 
the left the presence of small (up to tens of µm) particles in the first 2 mm 
from the interface. The pH map, on the right in the same figure, indicates 
that the region of decreased pH is larger than the one at t=0 min. Also in 
this case a darker region in transmission is detected in the area where 
the pH is decreased. In figures 4.4 and 4.5 it can be clearly observed that 
the “acidic front” (indeed the gel is still alkaline but a pH decrease is 
propagating inside it) has moved to about 5 mm, a distance at which the 
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pH is still the initial one. We would like to stress that, in this phase, the 
shape of the particles is still rather “spherical” and no actual defined 
biomorphic shapes can be detected. 
 
Figure 4.7 Transmission image (left) and pH map (right) calculated from ratiometric 
intensity analysis (λexc1=400 nm, λexc2=460 nm) 2h after the injection of BaCl2 solution. 
Images were collected with a wide field fluorescence microscope. 
The ratiometric profiles of figure 4.4 can be, at least for the first few 
hours, fitted as pure diffusion profile assuming a 1D model where the 
solution behaves as a reservoir with constant concentration (of barium 
that diffusing in the gel produces the pH change). To indicate the position 
of this diffusion front it is convenient to indicate the distance x1/2 from the 
front at which the change of the R signal is half the total variation (the 
difference between the interface and the bulk). After 30 min this distance 
is about 2 mm and it increases with time. 
As shown in figure 4.7, after 2 h biomorphic structures start forming at 
about 2 mm from the interface. Looking at the pH map reported in the 
same figure it is possible to observe that biomorphs are formed in a 
horizontal band which has a pH around 9.5. This can be seen also in the 
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pH profiles of figure 4.5. We would like to underline that the particles 
already formed closer to the interface and that are embedded in an 
environment with lower pH (about 9.0) do not evolve into biomorphs. 
 
Figure 4.7 Transmission image (left) and pH map (right) calculated from ratiometric 
intensity analysis (λexc1=400 nm, λexc2=460 nm) 4h after the injection of BaCl2 solution. 
Images were collected with a wide field fluorescence microscope. 
Larger star-shaped biomorphic structures are formed after 4 hours at 
about 3 mm from the interface. These biomorphs have sizes of the order 
of hundreds of µm and are formed in a band where the pH is about 9.5. 
Comparing these results with what discussed for the images acquired 
after 2 h, we can reach the very important conclusion that this pH value 
of 9.5 is characteristic of the environment where the biomorphs are 
formed. 
Figure 4.8 reports the transmission and pH images 8 hours after the 
injection. It is possible to identify very large biomorphs that are forming at 
about 4 mm from the interface again in gel region where the pH is around 
9.5. 
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Figure 4.8 Transmission image (left) and pH map (right) calculated from ratiometric 
intensity analysis (λexc1=400 nm, λexc2=460 nm) 8 h after the injection of BaCl2 solution. 
 
Figure 4.9 Transmission image (left) and pH map (right) calculated from ratiometric 
intensity analysis (λexc1=400 nm, λexc2=460 nm) 4 days after the injection of BaCl2 solution. 
102
Four days after the injection of Ba, the image observed in transmission 
optical microscopy is very similar to the one acquired after 8 h (figures 
4.9 and 4.8). The biomorphs did not increase significantly their size or 
changed their morphology. On the contrary, the “acidic front” continued to 
propagate (as observable in figures 4.4 and 4.5) and the pH in the whole 
area from 0 to 5 mm from the interface seems to remain constant about 
9.0 (figure 4.9). 
 
Figure 4.10 Transmission image (left) and pH map (right) calculated from ratiometric 
intensity analysis (λexc1=400 nm, λexc2=460 nm) 4 days after the injection of BaCl2 solution. 
Images of figure 4.9 were magnified using a 10x objective: one biomorph 
is shown in figure 4.10. It has a size, after 4 days, which is as large as 
500 µm. 
Since in a previous paper it has been reported a relevant decrease of the 
local pH in close proximity of the forming biomorph in solution,[3] we 
analyzed the pH profile with 10X magnification in search of very local pH 
variation. As shown, for example in figure 4.10 right, no local pH 
changes could be observed around the biomorphs in the gel. 
4.3.2 Estimation of the diffusion rate coefficient 
Fluorescence and intensity profiles discussed in the previous sections 
are related to diffusion of chemical species from the solution into the gel. 
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In order to better characterize these diffusive processes, we analyzed the 
diffusion plots in a more quantitative way to estimate the diffusion 
coefficients of the diffusing species. In particular, using the Fick’s law in 
the case of 1D diffusion into a homogenous medium from a reservoir at 
concentration c0 we expect the diffusion profile to evolve in time 
according to the following equation: 
c = 𝑐0(1 − 𝑒𝑟𝑓
𝑥
2√𝐷𝑡
) 
where c is the concentration of the tracer at a distance x from the 
surface, t is time of the diffusion, and D is the diffusion coefficient. 
Hence if we define 𝑥1
2
(𝑡) as the distance at which c =
𝑐0 
2
 we obtain the 
following simple equation: 
𝑥1
2
(t) = 0.954√𝐷𝑡. 
Hence we plotted x1/2 as a function of time in figure 4.11. 
 
Figure 4.11 Plot of x1/2 as the distance at which c =
𝑐0 
2
 as a function of time. 
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In order to better visualize whether the data of figure 4.11 were 
compatible with a pure diffusional behavior, we plotted the square of x1/2 
as a function of time (figure 5.12): in the case of diffusion a linear plot is 
expected. 
 
Figure 4.12 Plot of the square of x1/2 as the distance at which c =
𝑐0 
2
 as a function of time. 
The data shown in figure 4.12 clearly presents a linear dependence, at 
least for the first 30 hours. For longer times, on the other hand, the model 
adopted for 1D diffusion stops to be acceptable because the diffusion 
distance becomes comparable to the gel length and the calcium solution 
is no more an ideal reservoir. 
Hence we fitted this first part of the plot and got a diffusion coefficient 
D=1x10-3 mm2/s. This corresponds to a diffusion coefficient 1x10-9 m2/s 
which is of the typical order of magnitude of diffusing ionic species. 
4.5 Conclusions 
The growth of biomorphs in silica gel was investigated in the presence of 
a fluorescent pH probe with the aim to map the local pH during the 
process by fluorescence microscopy. 
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In order to avoid problems such as dis-homogeneity in the distribution of 
the pH probe in the gel arising from probe photo-bleaching or diffusion, 
we preferred to use the ratiometric signal detection for pH 
measurements. Moreover, in order to correlate the fluorescence change 
to biomorphs formation, we acquired simultaneously the optical 
transmission image of the gel and the fluorescence one. Hence, this 
method required the simultaneous acquisition of two fluorescence images 
(F1, the fluorescence derived from signal excitation, and E2, the 
fluorescence derived from reference one) at different excitation 
wavelengths: this means that at any time t it was necessary to acquire 
three images (T, F1, F2) at different positions. 
In order to calculate pH fluorescence images, F1 and F2 were processed 
to obtain the ratiometric signal R=F1/F2 that was hence converted into 
pH using ImageJ software. 
In the transmission images a dark band was observed in the close 
proximity of the interface that indicates the precipitation of hydrate barium 
silicate or barium carbonate. Interestingly the pH map reveals a drop of 
the pH from 10.6 to about 9.0 at the interface. A decrease of the pH, 
even if less pronounced, is observed also in the gel region in close 
proximity to this precipitation band. This completely ruled out the 
possibility that the pH change is due to the formation of barium 
carbonate, and so we could conclude that acidification is due to barium 
silicate formation.  
We also observed that biomorphs are formed in a horizontal band which 
has a pH around 9.5; while the particles already formed closer to the 
interface and that are embedded in an environment with lower pH (about 
9.0) do not evolve into biomorphs. 
Larger star-shaped biomorphic structures are formed after few hours at 
about 3 mm from the interface. These biomorphs have sizes of the order 
of hundreds of µm and are formed in a band where the pH is about 9.5. 
Comparing al the obtained results, we reached the very important 
conclusion that this pH value of 9.5 is characteristic of the environment 
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where the biomorphs are formed. Moreover, no local pH changes could 
be observed around the biomorphs in the gel. 
Considering that fluorescence and intensity profiles are related to 
diffusion of chemical species from the solution into the gel, we decided to 
better characterize these diffusive processes. Hence we analyzed the 
diffusion plots in a more quantitative way to estimate the diffusion 
coefficients of the diffusing species, in particular, using the Fick’s law in 
the case of 1D diffusion into a homogenous medium. We found out that 
our data clearly present a linear dependence, at least for the first 30 
hours. For longer times, on the other hand, the model adopted for 1D 
diffusion stops to be acceptable because the diffusion distance becomes 
comparable to the gel length and the calcium solution is no more an ideal 
reservoir. Fitting the first 30 hours data we got a diffusion coefficient 
D=1x10-3 mm2/s. This corresponds to a diffusion coefficient 1x10-9 m2/s 
which is of the typical order of magnitude of diffusing ionic species. 
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5 Calcium biomorphs in gel 
5.1 Introduction 
In this chapter we will describe the pH mapping based on the use of a 
fluorescent probe in the case of calcium gel-grown biomorphs. The 
method for the preparation of these structures is quite similar to the one 
discussed in chapter 4 for barium biomorphs, with the exception that the 
silica gel is enriched of carbonate since during the preparation of the 
precursor solution Na2CO3 is added to the silicate. Gellification is initiated 
by adding amount of HCl solution that contains also the pH probe AY; the 
complete gel setting takes place after about one week. The CaCl2 
solution is then poured on the top of the gel starting diffusion of the 
barium in the silicate matrix.[1] It is known that in these conditions both 
calcite and aragonite crystals are obtained. Interestingly the two forms of 
CaCO3 are formed in different positions with respect to the interface and 
they are organized in bands or stripes perpendicular to the calcium 
diffusion direction. In particular, only aragonite is biomorphic giving 
characteristic flower like structures that appear in a single band at a 
distance of 10-15 mm from the interface with the calcium solution.[2] 
Both at shorter and longer distances elongated non biomorphic calcite 
crystals are formed.[3] One of the objective of this research is indeed to 
understand if this band structure is related to the evolution of pH in the 
system during the growth. 
5.2 Brief description of the set up 
In some preliminary experiments we tried to redesign the cells used for 
biomorphs growth and in particular to reduce the gel area in order to 
have a smaller sample more suitable for the observation at the 
fluorescence microscope. These experiments demonstrated that changes 
in the geometry of the cell has a detrimental effect on the formation of the 
biomorphs and no aragonite flower like crystals bands could be obtained 
in those conditions. 
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Hence we used the same cassette shown in chapter 4 for barium 
biomorphs with 1 mm thickness and an area of about 50x50 mm2 filled 
with the gel. The cassette was made by two glasses separated by rubber 
as described in figure 3.15 in chapter 3.5.1.[4] 
The gel was prepared as described in experimental section 3.5.2, using a 
solution of commercial sodium silicate (Sigma Aldrich containing about 
27% SiO2, 7% Na2O) that was diluted ten times (1:10 v/v) with MilliQ 
water. In this case Na2CO3 0.2 M was added to the silicate solution. 
Gellification was initiated by adding an acidic solution, HCl 1M (350 
µL/mL with respect to the silicate), already containing the pH probe. 
The crystallization cell was half-filled with this solution. Five different cells 
were prepared and stored at room temperature in the dark for 1 week. 
After that, gels showing bubbles or clear ruptures were discard, and the 
remaining cells were used for crystallization experiments. 
For starting the experiment, we injected a CaCl2 solution 0.2 M on the top 
of the gel, filling completely the empty volume of the cassettes. 
The choice of AY used as pH fluorescent probe was discussed in chapter 
2. Shortly summarizing, this probe is non fluorescent (upon excitation at 
460 nm) at the alkaline pH (about 10.5) of the gel but it becomes 
fluorescent upon pH decrease (OFF/ON response to protonation), having 
a pKa=8.9 (this means that at pH 8.9 the signal is 50 % switched ON). 
Hence this molecule is suitable to detect local pH decrease of 1-2 units of 
pH starting from the bulk gel pH. Furthermore, this molecule is suitable 
as a ratiometric probe upon dual excitation (400 and 460 nm, using 
445/45 nm and 390/18 nm excitation Thorlabs® filters). As mentioned, 
and as it will be show in the next sections, ratiometric detection allows to 
correct artifacts on the pH measurements due to probe diffusion and 
photobleaching. 
5.3 Results 
The aim of this part of my thesis was to map the pH in the gel at the local 
level during the growth of the biomorphs. As mentioned in chapter 4, 
using fluorescence for mapping pH in large object is not trivial. As 
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previously discussed, our first experiments demonstrated that 
photobleaching and pH probe diffusion are very critical, so finally we 
developed an approach alternative to simple single channel detection of 
the fluorescence exploiting ratiometric imaging. Moreover, for improving 
spatial resolution and sensitivity we preferred imaging small area (5x5 
mm2) acquiring partial images of the gel, and then to reconstruct a 
larger image by merging with ImageJ the single part (this approach in 
microscopy is called image stitching). 
Summarizing we combined ratiometric detection and image stitching; 
this means that we acquired a set of 3 image for each time (t) of 
observation hence: transmission (T(t)), fluorescence at EXC1 (F1(t)) and 
fluorescence at EXC2 (F2(t)), and that five different images were 
acquired at different distances with respect to the interface (0, 5, 10, 15 
and 20 mm) to cover a total area of 25x5 mm2. Hence at any time t it 
was necessary to acquire three images (T, E1, E2) at five different 
positions x for a total of 15 images. 
Although, since preliminarily experiments showed that during the first 
hours of observation diffusion was limited to the first 5 mm layer, we 
preferred to avoid to reposition the sample during first initial time. 
In order to calculate pH fluorescence, images F1 and F2 were processed 
to calculate the ratiometric signal R=F1/F2 that was hence converted into 
pH using ImageJ software. 
We would like to stress that this approach based on ratiometric detection 
and image stitching is very powerful and combine precise pH 
determination to large area imaging. Nevertheless, as drawback the 
acquisition process is quite low and it requires sample repositioning. 
For this reason, we also performed simpler experiments using a single 
channel fluorescence detection (non ratiometric) and limiting the 
observation are the first 5 mm of the gel. As an advantage these 
experiments allowed us to follow the evolution of morphology and pH 
simultaneously almost in real time using two different CCD (and 
wavelength intervals) to monitor transmission and fluorescence (the 
setup is described in detail in chapter 3). 
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We will report and discuss first the results obtained with this simple 
method. 
5.3.1 Short-term pH imaging (non-ratiometric) 
In this experiment we collected time-lapse video both in fluorescence, 
using only the 445/45 nm excitation, and in transmission mode, for the 
first 3 hours and a half after CaCl2 injection in a region of the gel of about 
5 mm starting from the interface. 
 
Figure 5.1 Transmission (top) and fluorescence (bottom, λexc=460 nm) images of the first 
5 mm from the interface of the silica gel (containing AY) during calcium diffusion at 
different times, using an inverted wide field fluorescence microscope. CaCl2 solution is on 
the top of the interface, while the gel is in the bottom, where there is the formation of the 
crystals over time. 5 sec of integration time. 
Images acquisition in this single fluorescence channel approach is very 
fast (with respect to the process observed, hence the diffusion of 
chemical species in solution over several mm distances) and we could 
acquire a frame every 5 seconds (12 frames in a minute). Faster 
acquisition in principle is possible but it would require a stronger 
excitation intensity that would cause an enhanced photobleaching of the 
pH probe. Some of the images acquired, at selected delay time after the 
calcium injection, are reported in figure 5.1. The transmission images (on 
the top in figure 5.1) clearly show the formation of densely packed crystal 
in proximity of the interface. The region where precipitation occurs 
expands during time, being about 1.5 mm wide (starting from the 
interface) after 52 minutes and about 3 mm after 210 minutes. 
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Precipitation is clearly due to the diffusion of calcium into the gel and the 
formation of CaCO3 crystals. We would like to underline that this process 
is expected to affect the pH of the gel. As the bulk pH (10.5), part (about 
50%) of the carbonate is in fact present in the form of HCO3− (the pKa of 
this species is 10.3). Calcium itself is very slightly acidic and the 
hydrolysis of Ca2+ inside the solution that is poured on top of the gel 
drives the pH value close to 5.8, according to the equilibrium: 
Ca2+ + H2O ⇄ Ca(OH)+ + H+. 
This process has negligible effect on the pH of the gel; nevertheless, the 
diffusion of Ca2+ inside the gel in the presence of HCO3−  and CO32− leads 
to the precipitation of calcium carbonate: 
Ca2+ + CO32− ⇄ CaCO3 
Ca2+ + HCO3− ⇄ CaHCO3+ 
CaHCO3+ ⇄ CaCO3 + H+. 
The latter reaction clearly produces a decrease of the pH. 
Fluorescence images in figure 5.1 clearly confirm this decrease of pH in 
the region where the precipitation occurs. Fluorescence intensity in fact 
strongly increased in the precipitation area because of the protonation of 
AY. 
To demonstrate that there is a very good correlation between crystals 
formation and fluorescence increase we processed all the data (images 
acquired every 5 seconds) as shown in figure 5.2. We first selected a line 
vector in the direction of the calcium diffusion (hence perpendicular to the 
interface and directed from the solution toward the gel) which is 
represented as a yellow line in the figure 5.2. Hence we used the “plot 
profile” function of ImageJ to calculate the intensity profile across this 
line. The intensity profiles at different times were merged in a single data 
array that, as a consequence, contains intensity values as a function of 
time and position across the diffusion vector. This intensity surface was 
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plotted in false colors as contour plot in figure 5.2 and correlate to the 
initial transmission image (left) and the final one (right). Figure 5.2 clearly 
shows that after 208 minute the front of the fluorescent band and the 
front of the precipitation area perfectly coincide. The co-localization of 
these two fronts is clear (even if not reported in the figure) at any time. 
 
Figure 5.2 Intensity (top, λexc=460 nm) and pH (bottom) contour plots of the first 5 mm of 
gel from the interface of the silica gel (containing AY) during calcium diffusion at different 
times. CaCl2 solution is on the top of the interface, while the gel is in the bottom, where 
there is the formation of the crystals over time. 5 sec of integration time. 
Looking at the fluorescence map, it is possible to observe as the 
fluorescence front moves over time across the diffusion vector, showing, 
at least qualitatively, a profile compatible with a diffusional process. We 
used ImageJ to convert the local intensity signal into pH according to the 
equation discussed in chapter 2; pH map is shown in figure 5.2. 
Considered the properties of AY, the observed fluorescence 
enhancement reveals a local decrease of the pH that is as low as 8.8 
value and moves in parallel with the front of growth of the crystals. 
This very interesting result demonstrated for the first time the actual 
correlation between calcium carbonate precipitation and local pH drops in 
this kind of systems. 
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Nevertheless, single channel fluorescence detection, although as fast as 
convenient, presents as mentioned some drawbacks related to possible 
dis-homogeneity of the distribution of the fluorescent probe in the system 
as the result of probe diffusion or photobleaching. 
This will be demonstrated in the following example. 
 
Figure 5.3 The first 5x5 mm2 area from the interface between CaCl2 and the gel observed 
in transmission 3 days after injection of the calcium solution (top left). Fluorescence 
image (λexc=460 nm) is shown on top right and it was used to calculate the pH (bottom 
left). This pH map obtained with single excitation is compared with pH measured with dual 
excitation (400 nm and 460 nm) and ratiometric analysis. 
In figure 5.3 it is shown a case of an experiment (similar to the one just 
discussed) where diffusion of calcium initially occurred in an anomalous 
way because of an imperfection of the gel. In this case the formation of 
Liesegang rings not parallel to the interface clearly demonstrates that 
diffusion occurred in an oblique direction in the initial stages. This is 
expected to produce also an anomalous diffusion of the pH probe. In fact, 
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fluorescence images acquired upon 460 nm excitation show an 
unexpected horizontal asymmetry (see figure 5.3) which is still detectable 
in the pH map calculated from this fluorescence image. 
In order to check whether this was or not due to probe diffusion we 
applied to the same system ratiometric analysis by combining 
fluorescence images acquired upon two different excitation wavelengths 
(445/50 nm and 390/18 nm). The resulting pH map is shown in figure 5.3 
and it clearly shows a more homogenous pH distribution confirming that 
the unusual asymmetry previously observed was just the result of probe 
diffusion. 
5.3.2 Long-term pH imaging (ratiometric detection) 
Problems related to probe photobleaching and diffusion in fluorescence 
pH imaging become severe in long-term experiments. For this reason, we 
decided to use ratiometric detection for long-term analysis. Moreover, we 
avoided to irradiate the sample continuously but just during fluorescence 
acquisition at given time intervals. The results obtained, for example 7 
days after CaCl2 injection, are shown in figure 5.4. Images on the left 
show the optical transmittance of the gel in four different positions, 
moving the sample in the vertical direction (perpendicular to the 
solution/gel interface), starting from the interface (top). Since the field of 
view was 5x5 mm2 the sample was displaced by 5 mm, hence the first 
image covers the interval from 0 to 5 mm (A), and the others 5-10 mm 
(B), 10-15 mm (C) and 15-20 mm (D), respectively. These pictures 
clearly show that, as expected, biomorphic aragonite structures are 
formed at about 10 mm distance from the interface after 4 days while in 
the 0-7 mm region only small calcite crystals are observed. At distances 
longer than 15 mm large calcite elongated crystals appear. 
As far as pH is concerned, we used dual excitation (400 and 460 nm) and 
ratiometric analysis and we obtained the maps shown in false colors in 
figure 5.4. 
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Figure 5.4 Left: Transmission images of the gel at different position with respect to the 
interface 7 days after calcium injection. Right: pH maps obtained for the same areas with 
fluorescence ratiometric analysis based on dual excitation (400 nm and 460 nm). AY is 
used as the pH fluorescent probe. 
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These maps clearly demonstrate that the pH decrease (to about 9.0), 
already observed in the short-term experiment discussed in the previous 
section, propagates deeper in the gel after 7 days. In particular the whole 
gel section between 0 and 10 mm from the interface presents a 
homogenous pH around 9.0 while at distance larger than 15 mm the gel 
still maintains the initial pH 10.5. In the 5-10 mm section a progressive 
increase of pH from 9 to 10 is detectable and it reveals that the diffusion 
of the calcium solution has indeed reached this region. 
The pH dependence on the distance from the interface can be better 
analyzed by plotting the fluorescence intensity ratio R (which is the 
experimental parameter used for pH calculation) or the calculated pH as 
a function of the distance from the interface. The plots are shown in 
figure 5.5 and 5.6 respectively and were obtained with the function “plot 
profile” of ImageJ. 
 
Figure 5.5 Profiles of the ratiometric intensities values measures at 460 and 400 nm 
excitation in the gel at different times after calcium injection as a function of the distance 
from the interface. 
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Figure 5.6 Profiles of the pH values obtained by ratiometric fluorescence analysis 
(λexc=460 nm as signal; λexc=400 nm as reference) in the gel at different times after 
calcium injection of a calcium as a function of the distance from the interface. 
As already mentioned for barium biomorphs in chapter 4, considered the 
broadening of the pH profiles during diffusion into the gel it is convenient 
to introduce a numeric parameter that identify univocally the position of 
the front at a given time. We hence defined as 𝑥1
2
(𝑡) the distance at which 
the change in the ratiometric signal R is half the total one, which is the 
difference from the value at the interface R0 and the one at a long 
distance R∞ (in principle infinite, in the real system 5 mm). Figure 5 
confirms that indeed after 4 days the front position is at x1/2=15 mm. 
We would like to stress that, with respect to the results discussed in 
chapter 4 for barium biomorphs, we observed two important differences 
in the case of calcium: 
1. the pH drop is much higher in the case of calcium diffusion. 
As it can be seen in figure 5.5 the fluorescence ratio becomes as 
high as 4, corresponding to a complete protonation of AY, while in 
the case of barium R was at maximum 2.5. As far as the pH is 
concerned, the minimum pH value reached in the case of barium 
was about 9.0 and the pH at x1/2 is about 9.5. For calcium we 
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measured a pH as low as 8.0 as minimum and a pH at which x1/2 
is about 9.0. We believe that this difference is mostly due to the 
presence of carbonate in the gel used for the growth of aragonite 
biomorph; 
2. the calcium biomorphs are formed in a section at about 10 mm 
from the interface when the pH become about 9.0. Barium 
biomorphs on the other hand are formed at about pH 9.5. 
5.3.3 Local and real-time measurement of pH around 
biomorphs 
One of the objective of this thesis was the local analysis of pH in close 
proximity of the biomorphs during their formation. For this purpose, we 
used a larger magnification (4X). As we mentioned, ratiometric detection 
has some limitations when continuous acquisition is required, so for this 
experiment, aimed to real-time observation, we used single excitation 
fluorescence. 
 
Figure 5.7 Left: Transmission images of the gel at different position with respect to the 
interface 3 days after calcium injection. Right: pH maps obtained for the same areas with 
fluorescence ratiometric analysis based on dual excitation (400 nm and 460 nm). AY is 
used as the pH fluorescent probe. 
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In particular, during one of the low-magnification (2X) pH mapping 
experiments, we started to observe the formation of a biomorphic 
structure at about 11 mm from the interface and 72 h after the injection of 
calcium. It is interesting to note that the formation of the biomorph starts 
at an initial pH of about 9.5. 
Figure 5.8 Top: Transmission images of the gel at different times at 12.5 mm from the 
interface 3 days after calcium injection. Bottom: The corresponding fluorescence images 
(λexc=460 nm). Red circles surround an aragonite crystal while green circles a calcite one. 
AY is used as the pH fluorescent probe. Reported times start from 3 days after Ca 
injection. 
Transmission and fluorescence images were acquired for about 3 days 
simultaneously, every 5 seconds. Some selected frames are shown in 
figure 5.8. The images on the top show the optical transmittance: the 
growth of an aragonite biomorph (red circle) and a calcite crystal (green 
circle) in close proximity can be clearly observed. This situation was very 
intriguing since gave us the opportunity to understand whether the two 
processes produces very different local effect on the pH or not. The 
fluorescence images on the bottom clearly demonstrate that there are no 
significant differences in the fluorescence intensity around the two 
structures over time, hence biomorphic aragonite and non-biomorphic 
calcite are formed in very similar pH environments. 
We would like to stress that, although photobleaching clearly occurs in 
the gel and it alters to some extent the possible conversion of the 
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fluorescence image into a pH map, it is irrelevant as soon as the 
relative comparison of pH is considered as in this case. 
For accurate pH mapping, we measured the pH at the beginning of the 
experiment (that started as mentioned from 72 h after injection) and at 
the end (after additional 12 hours) with the ratiometric method. Results 
are shown in figure 5.9. This figure clearly shows that after 12 hours the 
diffusion front has moved deeper into the gel and that the local pH is 
changed from 9.5 to 9.0. 
 
Figure 5.9 Transmission (top), single excitation fluorescence images (center) and 
ratiometric pH map (bottom) of the growing aragonite biomorph (red circled) close to a 
growing calcite crystal (green circled), at time 0 and after 12 hours and a half after 3 days 
from the injection of CaCl2. 
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In order to further increase the resolution in the pH local detection we 
increased the magnification to 10X and preformed again the ratiometric 
measurements, obtaining the images of figure 5.10 for the calcium 
aragonite biomorphic structures and figure 5.11 for the elongated calcite 
crystals. 
 
Figure 5.10 Higher magnification of aragonite biomorphic crystal after 18 hours and a half 
after 3 days from the injection of CaCl2 in fluorescence mode, both with the reference 
excitation and the signal one and correlated pH map derived from the ratiometric 
calculation. 
 
Figure 5.11 Higher magnification of elongated calcite crystal after 18 hours and a half 
after 3 days from the injection of CaCl2 in fluorescence mode, both with the reference 
excitation and the signal one and correlated pH map derived from the ratiometric 
calculation. 
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Also these magnified images demonstrate that there is no relevant local 
pH variation and that pH around the crystal is quite homogeneously and 
close to 9.0. Moreover, similar results are obtained both for aragonite and 
calcite crystals. 
5.3.4 Estimation of the diffusion rate coefficient 
Fluorescence and intensity profiles discussed in the previous sections 
are related to diffusion of chemical species from the solution into the gel. 
In order to better characterize these diffusive processes, we analyzed the 
diffusion plots in a more quantitative way in order to estimate the diffusion 
coefficients of the diffusing species. In particular, using the Fick’s law in 
the case of 1D diffusion into a homogenous medium from a reservoir at 
concentration c0 we expect the diffusion profile to evolve in time 
according to the following equation: 
c = 𝑐0 (1 − 𝑒𝑟𝑓
𝑥
2√𝐷𝑡
), 
where c is the concentration of the tracer at a distance x from the 
surface, t is time of the diffusion, and D is the diffusion coefficient. 
Hence if we define 𝑥1
2
(𝑡) as the distance at which c =
𝑐0
2
 we obtain the 
following simple equation: 
𝑥1
2
(t) = 0.954√𝐷𝑡. 
Hence we plotted x1/2 as a function of time in figure 5.12. 
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 Figure 5.12 Plot of x1/2 as the distance at which c =
𝑐0 
2
 as a function of time. 
In order to better visualize whether the data of figure 5.12 were 
compatible with a pure diffusional behavior, we plotted the square of x1/2 
as a function of time (figure 5.13): in the case of diffusion a linear plot is 
expected. 
The data shown in figure 5.13 clearly presents a linear dependence, at 
least for the first 30 hours. For longer times, on the other hand, the model 
adopted for 1D diffusion stops to be acceptable because the diffusion 
distance becomes comparable to the gel length and the calcium solution 
is no more and ideal reservoir. 
Hence we fitted this first part of the plot and got a diffusion coefficient 
D=1x10-3 mm2/s. This correspond to a diffusion coefficient 1x10-9 m2/s 
which is of the typical order of magnitude of diffusing ionic species. 
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 Figure 5.13 Plot of the square of x1/2 as the distance at which c =
𝑐0 
2
 as a function of time. 
5.4 Conclusions 
In this section, we described the pH mapping based on the use of a 
fluorescent probe in the case of calcium gel-grown biomorphs. The 
method for the preparation of these structures is quite similar to the one 
discussed in chapter 4 for barium biomorphs, with the exception that the 
silica gel is enriched of carbonate. 
Two forms of CaCO3 are produced in different positions with respect to 
the interface and they are organized in bands or stripes perpendicular to 
the calcium diffusion direction. However, only aragonite gives 
characteristic flower like biomorphic structures that appear in a single 
band at a distance of 10-15 mm from the interface with the calcium 
solution. Both at shorter and longer distances elongated non biomorphic 
calcite crystals are formed. 
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As already mentioned, photobleaching and pH probe diffusion are very 
critical, so we used ratiometric imaging and, for improving spatial 
resolution and sensitivity, also image stitching. We acquired a set of 3 
image for each time (t) of observation: transmission (T(t)), fluorescence 
at EXC1 (F1(t)) and fluorescence at EXC2 (F2(t)) at different distances 
with respect to the interface to cover a total area of 25x5 mm2. 
For short-term analysis, we decided to use a simple single channel 
fluorescence detection (non ratiometric) combined to transmission one. 
This kind of setup allowed us to follow the evolution of morphology and 
pH simultaneously almost in real time. Considering that precipitation is 
due to the diffusion of calcium into the gel and the formation of CaCO3 
crystals, for the first time we were able to correlate calcium carbonate 
precipitation and local pH drops in this kind of systems. 
Problems related to probe photobleaching and diffusion in fluorescence 
pH imaging become severe in long-term experiments. For this reason, we 
decided to use ratiometric detection for long-term analysis. As expected, 
biomorphic aragonite structures are formed at about 10 mm distance 
from the interface after 4 days while in the 0-7 mm region only small 
calcite crystals are observed. At distances longer than 15 mm large 
calcite elongated crystals appear. 
We would like to stress that, with respect to the results discussed in 
chapter 4 for barium biomorphs, we observed two important differences 
in the case of calcium: 
1. the pH drop is much higher in the case of calcium diffusion. As it 
can be seen in figure 5.5 the fluorescence ratio becomes as high 
as 4, corresponding to a complete protonation of AY, while in the 
case of barium R was at maximum 2.5. As far as the pH is 
concerned, the minimum pH value reached in the case of barium 
was about 9.0 and the pH at x1/2 is about 9.5. For calcium we 
measured a pH as low as 8.0 as minimum and a pH at which x1/2 
is about 9.0. We believe that this difference is mostly due to the 
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presence of carbonate in the gel used for the growth of aragonite 
biomorph; 
2. the calcium biomorphs are formed in a section at about 10 mm 
from the interface when the pH become about 9.0. Barium 
biomorphs on the other hand are formed at about pH 9.5. 
3. the formation of the biomorph starts at an initial pH of about 9.5. 
there are no significant differences in the fluorescence intensity around 
the two structures over time, hence biomorphic aragonite and non-
biomorphic calcite are formed in very similar pH environments. 
Increasing the magnification, we demonstrated that there is no relevant 
local pH variation and that pH around the crystal is quite homogeneously 
and close to 9.0. Moreover, similar results are obtained both for aragonite 
and calcite crystals. 
Considering that fluorescence and intensity profiles are related to 
diffusion of chemical species from the solution into the gel, we decided to 
better characterize these diffusive processes. Hence we analyzed the 
diffusion plots in a more quantitative way to estimate the diffusion 
coefficients of the diffusing species, in particular, using the Fick’s law in 
the case of 1D diffusion into a homogenous medium. We found out that 
our data clearly present a linear dependence, at least for the first 30 
hours. For longer times, on the other hand, the model adopted for 1D 
diffusion stops to be acceptable because the diffusion distance becomes 
comparable to the gel length and the calcium solution is no more an ideal 
reservoir. Fitting the first 30 hours data we got a diffusion coefficient 
D=1x10-3 mm2/s. This corresponds to a diffusion coefficient 1x10-9 m2/s 
which is of the typical order of magnitude of diffusing ionic species. 
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6 Silica gardens 
6.1 Introduction 
As described more in detail in chapter 1.2, silica gardens are self-
assembled hollow structures forming from the precipitation of an 
inorganic membrane at the interface between a metal and a silicate 
solution. Generally, a hydrated metal salt seed is immersed in a sodium 
silicate solution forming a semipermeable membrane and precipitates in 
contact with the cations of the internal solution at the pH of the internal 
solution. 
The colloidal membrane is formed during the early stages of seed 
dissolution, when the metal ions readily react with the aqueous sodium 
silicate: 
2Mn+(aq) + nNa2SiO3(aq)  2nNa+(aq) +M2(SiO3)n(s). 
Because of the presence of the membrane, the exchange of ions and 
molecules between the outer silicate solution and the inner metal salt is 
partially restricted. Due to the high concentration of the inner solution, an 
osmotic pressure occurs across the membrane, which constantly 
ruptures and re-precipitates across the front between the different fluids, 
while buoyancy forces make the inner solution flows up. 
The inner solution has a lower pH than the external one: thus, when the 
silicate of the external solution encounters the lower pH medium, it 
precipitates, while the metal cations of the inner solution precipitate in the 
inner part of the wall because of the high pH of the external solution, 
forming metal hydroxides: 
mMn+(aq) + nOH−(aq) -> Mm(OH)n(s).[1] 
Although several hypotheses have been postulated about the diffusion 
and precipitation processes in silica garden, a complete understanding of 
the chemical behavior of these systems is still missing especially as far 
as the local changes in concentration of the different species over time 
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are concerned. We found out that the very complicate dynamics of 
formation and growth of chemical gardens can be investigated with a 
simple approach using optical and fluorescence microscopy. In particular, 
we succeed in preparing the membrane at the interface between two thin 
layers (~0.1 mm) of metal and silica solutions and in investigating in real 
time the processes of diffusion though the membrane in the microscale 
range. After testing several different metals, we focused on Fe(III) and 
Mn(II) silica gardens that, as it will be discussed below, offer important 
advantages for our experimental platform. 
6.2 Brief description of the set up 
The formation and evolution of the silica gardens was investigated by 
optical microscopy both in transmission and fluorescence mode. For 
fluorescence both wide field and laser scanning confocal setups were 
exploited. 
In all cases the samples were placed horizontally on the stage of the 
microscopes, using a set up for the formation of the silica gardens slightly 
different from the conventional one. In general, we prepared thin optical 
cells placing the reactants between two microscope slides, sometimes 
separated by a tape as a spacer in order to control the actual cell 
thickness. In some cases, depending on the kind of experiment, the type 
of microscope and the kind of objective used, the upper slide or both the 
slides were thin (0.1 mm) coverslips. 
The use of concentrated solution (typically saturated) of metal ions in 
place of crystal seeds allowed us to achieve a good control and 
reproducibility of the membrane formation and gave sample more 
suitable for investigation with optical microscopy. Hence, in general, the 
reactants used in the experiments were: a saturated metal ion solution 
(here we describe the cases of FeCl3 and MnCl2) and a sodium silicate 
solution containing a fraction of water that depended on the type of 
metal salt used. 
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We performed two different kinds of experiments that gave 
complementary information about the mechanism of formation and 
evolution of silica garden. 
 
Figure 6.1 Schematic representation of the cassette used for the experiments with FeCl3 
and sodium silicate solution. 
Experiment 1: Investigation of the diffusion through the membrane 
In the first experiment, the inorganic membrane was formed at the 
interface between an iron solution drop (10 μL) and a silicate solution 
drop (10 μL) which were interposed between two glass slides separated 
by a spacer (0.1 mm thick). In this arrangement, the contact section of 
the two drops is about 5 mm long while the remaining border of the drop 
(not in contact with the glass) is exposed to atmospheric air (figure 6.1). 
Hence, the inorganic membrane is open and it does not undergo to any 
mechanical pressure. In this experiment we observed changes in the 
optical images, acquired with a camera mounted on the microscope, 
because of the local formation of precipitates (mostly hydroxide and 
silica). We correlated the precipitation to the diffusion of ionic species (in 
particular OH-) though the membrane. 
We would like to stress that in this experiment actually the growth and 
propagation of the membrane, after initial formation, do not occur, 
since these processes are originated by osmotic pressure and buoyancy 
whose effects are minimized in the selected setup. 
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For this experiment we focused on FeCl3 silica garden since Fe(III) ions 
and hydroxide are yellow-brown colored and they can be easily detected 
at the optical microscope and distinguished from the sodium silicate, 
which, on the contrary, is colorless. 
Experiment 2: Investigation of the mechanism of growth of micro-
tubes in quasi 2D silica garden with fluorescent probes 
In the second kind of experiment we explored the local changes of the 
chemical properties (and in particular of pH) in silica gardens during their 
growth and propagation. Silica gardens are a typical example of 
compartmentalized system were two media (the metal solution MS and 
the silicate solutions SS) are separated by a membrane. 
One of the most interesting feature of silica gardens is the growth of the 
self-assembling membrane in the form of tubes. The actual mechanism 
of propagation of these tubes is widely debated and its detailed 
investigation definitively needs new tools suitable to characterize the 
chemical evolution of silica gardens in real time and space. In particular, 
it is known that during the membrane growth the MS contained inside the 
tubes is ejected out into the external SS causing the continuous growth of 
the tube at the interface. Nevertheless, the actual dynamic of this process 
is not well established and the processes occurring in the MS jet needs 
clarification. Here we use optical and fluorescence microscopy to 
investigate the physical-chemical evolution of the jet during tube 
growth. For doing this we labelled the solution with pH sensitive 
fluorescent probe and exploited fluorescence to: 
1) investigate the possible, and still largely disregarded, mixing of 
the MS and SS solution in the jet; 
2) measure (at least qualitatively) changes of pH in the jet and in 
the surrounding regions; 
3) detect possible changes in the pH inside the tube or in proximity 
of the external surface of the tubes after their formation. 
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Our interest in pH is due to the consideration that the MS and the SS 
present a radically different pH, being acidic the former and strongly 
alkaline the latter. Moreover, the most important chemical processes 
involved in silica garden growth, like silica, metal silicate and hydroxide 
formation, are expected to have a large effect on local pH. 
For these experiments, that exploit the fluorescence of molecular probes 
excited with visible light, we preferred metal ions that form un-colored or 
weakly colored species (as ions or precipitate) but that, in the meantime, 
could produce tubular structures in the micro-scale suitable for our 
experimental set-up. After several tests, we chose MnCl2 as the best 
candidate. 
For the experiments a droplet of saturated metal solution (2 μL) was 
deposited on the top of a glass coverslip (24x24 mm2) while the SS (100 
μL) was dropped on a microscope glass slide (75x25 mm2). Hence the 
coverslip was reversed top-down and placed on the larger glass slide, 
immerging the smaller MS drop into the larger SS one (the two slides 
were spaced with a plastic tape 0.1 mm thick). In this experiment, 
differently to what described in the previous section (experiment 1), the 
MS droplet was completely surrounded, being either in contact with 
the SS or with the glass. This led to the formation of a closed 
membrane. The increasing of the internal osmotic pressure led to local 
membrane rupture and to the formation of tubes that, because of the 
geometry of the system, could grow only horizontally. We followed the 
growth by time-lapse acquisition using a CCD camera and detecting 
simultaneously the transmission and fluorescence images. The pH 
fluorescent probe (HPTS) was dissolved either in the MS, in the SS or in 
both solutions depending on the experiment. 
6.3 Experiment 1: Investigation of the diffusion 
through the membrane 
As mentioned in the previous section, we chose FeCl3 as optimal 
candidate for the investigation of membrane permeation. For this 
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experiment a droplet (10 μL) of the saturated metal salt solution (MS) 
was placed on a microscope slide near (about 2 mm distance) to a 
droplet (10 μL) of sodium silicate solution (SS) (Sigma Aldrich 27% SiO2 
and 7% Na2O, diluted 1:1, v:v with water). Then, the glass was covered 
with another microscope slide, paying attention to not mix the two 
solutions but making them get in touch just on the border of the two 
drops, avoiding in this way solution mixing and membrane rupture (a tape 
0.1 mm thick was used as a spacer). 
With this setup there are some advantages, for diffusion analysis, with 
respect to the usual vertical growth of silica gardens: i) the system is not 
affected by osmotic pressure because both the solutions can expand, 
and, ii) due to the very small thickness of the film that can be placed 
between the two glass slides, the buoyancy has no effect. 
The changes in optical transmittance of the system were acquired at 
different times after membrane formation with the optical microscope with 
a 4x objective and a color CCD camera. 
 
Figure 6.2 Optical transmission image of the membrane formed at the FeCl3/silicate 
interface. Size: 1.43 mm (width), 1.07 mm (height). Thickness 0.1 mm. The red line was 
selected as vector for the diffusion analysis. 
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The first image, that was acquires in a typical experiment 1 minute after 
the sample preparation, is shown in figure 6.2. A thin brown membrane 
can be clearly observed in the region of contact of the MS (on the left) 
and the SS (on the right). The membrane is about 5 mm long and the 
part visible in figure 6.2 is about 1 mm long. The iron solution is yellow 
because of the presence of the metal ion while the silicate in uncolored. 
Just after one minute a brown precipitate is formed in proximity of the 
membrane on the MS side. 
In order to analyze the changes in the system over time, we preferred to 
analyze just the blue component of the RGB images because FeCl3 and 
Fe3+ hydroxides, that are expected to form in the system, have a yellow-
brownish color: hence they absorb light mostly in the blue region and 
they can be easily detected using the blue component of the adsorbed 
light. Some of the acquired images (blue component of the RGB picture) 
are represented in fig. 6.3, where some frames, equally temporally 
separated (Δt=10 sec), are shown over 90 minutes. In order to enhance 
the transmission difference in the monochromatic images (as mentioned, 
just the blue component is considered), in figure 6.3 images are 
converted into false colors. White-pink color of the SS indicates very high 
transmission, the iron solution partially absorbs the blue light (orange 
indicates moderate transmission). Formation of the precipitates leads to a 
decrease of the transmittance (yellow bands). 
The images of figure 6.3 demonstrate that the darker region, initially 
formed in close proximity of the membrane and corresponding to the 
formation of a gelly, brownish precipitate (image A) inside the metal salt 
solution, propagates inside the iron solution over time (images B and 
C). This behavior is due to the diffusion of OH- ions from the silicate 
solution through the membrane that brings to the precipitation of 
Fe(OH)3, according to the following reaction: 
FeCl3 + 3OH- → ↓Fe(OH)3 + 3Cl-. 
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Figure 6.3 Blue component of the transmission images (in false colors) at different times 
after membrane formation of FeCl3/silicate system. Size: 1.43 mm (width), 1.07 mm 
(height). 
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The decrease of transmission can be hence correlated to the 
precipitation of iron insoluble hydroxides. Pictures shown in figure 6.3 
hence demonstrate that the OH- ions diffuse through the membrane 
and cause a propagation of the precipitation in the MS. 
Figure 6.4 Optical transmission profiles along one line chosen for the analysis (see figure 
6.2) perpendicular to the membrane of FeCl3/silicate system sample over time during the 
first 30 minutes after membrane formation. 
In order to analyze the process, we chose a line vector in the system 
(see figure 6.2) perpendicular to the membrane in the SS to MS 
direction. Hence, we analyzed the time-lapsed images to get the 
transmission profiles as a function of the distance from the membrane at 
increasing delay time, as shown in figure 6.4, using the function “profile 
plot” of ImageJ. Such figure clearly shows that the precipitation front 
moves far from the membrane during the first 30 minutes of acquisition. 
Quite surprisingly after 30 minutes the precipitate formed starts to re-
dissolve. As shown in figure 6.5, in fact, the transmission profile moves 
back towards the membrane in the time interval between 30 and 90 
minutes and finally the precipitate completely disappears from the MS. 
This result is quite surprisingly, and it may be explained in two ways: 
1) diffusion of OH- leads to the formation of soluble iron 
hydroxides, like Fe(OH)4-. 
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2) diffusion of OH- is stopped and re-dissolution occurs due to the 
diffusion of the still acidic Fe3+ solution (not yet reached by 
OH-). 
 
Figure 6.5 Optical transmission profiles along one line chosen for the analysis (see figure 
6.2) perpendicular to the membrane of FeCl3/silicate system sample over time: in the 30-
90 minutes interval after membrane formation. 
Considered that re-dissolution starts form the iron solution side rather 
than from the membrane, we concluded that indeed the OH- diffusion 
through the membrane is strongly slowed down after 30 min. 
The reason for this can be clearly found by observing the pictures of 
figure 6.3. Over time thickening of the membrane is observed, and the 
formation of several layers on the membrane is observed too. 
We would like to stress that both MS and SS are very concentrated 
solutions. Considering that the commercial sodium silicate solution 
contains an amount of silica (SiO2) 27% v/v and more or less 8% v/v of 
Na2O, the molar concentration of SiO2 is 6.0 M while the one of Na2O is 
1.6 M. This solution was diluted 1:1 v:v with water, hence in our system 
the concentrations are about 3.0 M for SiO2 an 0.8 Na2O (corresponding 
to NaOH 1.6 M). The iron solution has a concentration about 6.0 M. 
Silica in the solution is solubilized as silicate but SiO2 precipitates upon 
acidification of the solution. Hence the thickening of the membrane is 
due to two main factors: 
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1) diffusion of OH- from SS to MS through the membrane causes a 
local decrease of pH close to the external (SS exposed) side of 
the membrane. As a consequence, SiO2 precipitation occurs; 
2) Fe(III) diffuses through the membrane and precipitates as silicate 
on the external SS exposed side. 
 
Figure 6.6 Contour map of the intensity profiles along the line shown in fig. 7.3.3 in false 
colors. 
The whole precipitation-redissolution process is summarized in figure 6.6. 
In particular all the transmission profiles T(x) (where x is the position 
along the diffusion line shown in figure 6.2, taking the membrane as 0 
point and the SS toward MS as the direction) acquired at different times t 
were merged in a single array of data to give transmittance as a function 
of both position and time, T(x,t). This data array is represented as 
contour plot in the false color figure 6.6, where green and yellow regions 
represent a decrease of transmittance with respect to the MS (orange) 
and hence the formation of precipitate. 
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In order to better characterize this diffusive process, we analyzed the 
diffusion plots in a more quantitative way in order to estimate the diffusion 
coefficients of the diffusing species. In particular, using the Fick’s law in 
the case of 1D diffusion into a homogenous medium from a reservoir at 
concentration c0 we expect the diffusion profile to evolve in time 
according to the following equation: 
c = 𝑐0(1 − 𝑒𝑟𝑓
𝑥
2√𝐷𝑡
), 
where c is the concentration of the tracer at a distance x from the 
surface, t is time of the diffusion, and D is the diffusion coefficient. 
Hence, if we define 𝑥1
2
(𝑡) as the distance at which c =
𝑐0
2
, we obtain the 
following simple equation: 
𝑥1
2
(t) = 0.954√𝐷𝑡. 
This was the fitting curve I used for the values below: 
 
Figure 6.7 Fitting of the first 12 minutes of the collected film on the left, and of the 
minutes between the 60th and the 70th minute on the right. 
The diffusion coefficient D derived from the two fitting are quite similar: 
1.2 10-10 m2/s for the first 12 minutes and 1.7∙10-10 m2/s for the second 
graph, which are coherent to each other. In the literature it can be found 
that the diffusion coefficient for OH- ions in water is 5.270 10-9 m2/s, that 
is 50 times higher than the one I found: this means that the process is 
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controlled not just by the diffusion but also by the precipitation of the 
hydroxides. 
6.4 Experiment 2: Investigation of the mechanism 
of growth of micro-tubes in quasi 2D silica garden 
with fluorescent probes 
6.4.1 Introduction 
In this experiment we used optical (transmission) and fluorescence 
microscopy to investigate possible pH changes in the MS and SS 
during and after the formation of hollow tubes. As mentioned, in fact, 
although one of the most interesting feature of silica garden is the growth 
of the self-assembling membrane in the form of tubes, the actual 
mechanism of propagation (and in particular the modality of interaction 
of the MS and SS in the process) of these tubes is still debated. The 
actual permeability properties of these tubular membranes also need 
further investigation. Considered that MS and SS present as an important 
characteristic property a very different pH (MS is acidic while SS is 
alkaline), we propose here the use of a fluorescent pH probe as a 
general method for analyzing the evolution of the local chemical 
properties of the two solutions. We would like to stress that all the most 
important chemical reactions involved in the formation of silica garden 
such as precipitation of metal silicates, hydroxides, etc., and formation 
of silica have an effect on pH and are pH dependent. Solubility of 
metals themselves and hence local metal ion concentrations are pH 
dependent. Hence local pH analysis gives indirect information about 
several local chemical parameters. 
It is known that, during the tubular membrane growth, the MS contained 
inside the tubes is ejected out into the external SS, causing the 
continuous growth of the tube at the interface. Nevertheless, the actual 
dynamic of this jet propagation is not well established and the processes 
occurring in the MS jet need clarification. Here we propose the use of 
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optical and fluorescence microscopy to investigate the physical-
chemical evolution of the jet during tube growth. For doing this we 
labelled the solution with pH sensitive fluorescent probe. 
Despite the apparent simplicity, this approach was very challenging: in 
very concentrated metal solutions the response of fluorescent pH 
probes is strongly altered. In particular, many metal ions that form 
silica gardens like Fe(III), Cu(II), Co(II) and Cr(III) are well known 
quenchers of the fluorescence. These metals typically form in water 
solution colored complexes with absorption bands corresponding to low 
energy electronic transitions. Hence these complexes are potential 
acceptors in energy transfer processes involving the pH probe as 
energy donor. Moreover, the same complexes, because of their redox 
potentials, can be easily either reduced or oxidized by the excited pH 
probe, quenching the fluorescence via electron transfer processes. 
These quenching processes are very efficient when the pH probe, for its 
chemical feature, can bind the metal ions forming quenched complexes 
(static quenching). Static quenching is effective even at very low 
concentrations of metal ions and it can be avoided by properly selecting 
the pH probe (and the metal ion). To avoid additional problems in 
fluorescence detection due to the optical filtering effect of intensely 
colored metal ions we focused on Mn(II) which gives pale pink saturated 
solution (about 6.0 M) Even more importantly we will show that Mn(II) 
forms very reproducible tubular silica gardens in the experimental 
conditions necessary for optical imaging. After testing several pH probes, 
we found out that HPTS does not bind to Mn(II), so we adopted this 
probe for our experiments. As important additional features HPTS 
presents an ON/OFF response to protonation (when excited at 460 nm) 
and a pKa of 7.4, hence it is suitable to detect pH increase in the MS 
responding with an enhancement of the fluorescence. 
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Figure 6.8 Left: pH of 1 mL of saturated MnCl2 solutions (about 6.0 M) upon addition of 
different amount of NaOH 10 M. Right: fluorescence intensity of HPTS in the MnCl2 
saturated solution (about 6.0 M), collected by wide field fluorescence microscopy at 460 
nm excitation measured during the NaOH addition. 
Nevertheless, at concentration as high as 6.0 M of Mn(II), quenching 
processes, different from static quenching, are expected to occur. Free 
metal ions in fact can diffuse and collide with the excited HPTS 
molecules causing its dynamic quenching. The efficiency of the 
dynamic quenching depends on a quenching constant (limited by the 
diffusion rate) and on the excited state lifetime of the fluorophore (6.0 ns 
for HPTS), according to the Stern-Volmer equation. In particular, the use 
of a probe with a quite short excited state lifetime (as HPTS) allows to 
reduce the effect of dynamic quenching. Preliminary experiments showed 
that indeed HPTS fluorescence is extremely weak in saturated MnCl2 
solutions. Nevertheless, this weak fluorescence is due at least in part to 
the pH of the solution, which is about 3.6, but also to dynamic 
quenching. We hence wondered if we could discriminate the effect of 
the pH and the Mn(II) concentration on the fluorescence of HPTS. For 
this reason, we added NaOH to the solution to increase the pH and 
measured the fluorescence response of HPTS as a function of pH 
(measured with a pH meter). The plot of pH as a function of the added 
volume of 10 M NaOH solution (to 1 mL of MnCl2 solution) is shown in 
figure 6.8 (left). 
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Figure 6.9 Excited state lifetimes of 1 mL of HPTS in the saturated MnCl2 solutions 
(about 6.0 M) upon addition of different amount of NaOH 10 M, on the left. On the right, 
the lifetime values processed in a Stern-Volmer plot. 
As expected, because of the well-known speciation behavior of Mn(II), 
addition of NaOH led to the precipitation of manganese hydroxide and, 
after a first pH jump from 3.6 to 5.3 (for an addition of 0.020 mL of NaOH 
corresponding to a final concentration of 0.2 M), very small changes in 
pH could be detected up to the addition of NaOH as a final concentration 
of 1.7 M. This demonstrates that saturated Mn(II) solution shows a 
strong buffering effect on pH. The fluorescence of HPTS in the Mn(II) 
solution partially increases upon addition of NaOH 0.2 M (see figure 6.8, 
right) but it is still very weak. In order to investigate the possible 
occurrence of a dynamic quenching of HPTS by Mn(II), we measured the 
excited state lifetime  of the molecule as a function of the added NaOH. 
The results are plotted in figure 6.9:  is strongly dependent on the pH 
demonstrating the occurrence of a dynamic quenching. We would 
like to stress that this pH dependence of  in the system is indeed an 
indirect dependency. In fact, the probe itself has a pH independent 
lifetime but its lifetime is dependent on the Mn(II) concentration. 
Addition of NaOH leads to a decrease of the concentration of Mn(II) ions 
and hence to an increase of . According to the Stern-Volmer equation, a 
linear dependency is expected for 1/ from the quencher concentration: 
this was indeed observed in the experiments as shown in figure 6.9 
(right). 
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It is interesting to observe (figure 6.8) that upon addition of NaOH from 
1.7 to 3.0 M a small increase of pH is observed from 5.8 to 6.2 but this 
produces a dramatic enhancement of the fluorescence of HPTS and a 
relevant increase of . No further changes in fluorescence intensity or 
 are observed for further addition of NaOH. 
Considering all these results we can conclude that: 
1) the response of the fluorescence of HPTS to pH in Mn(II) 
saturated solution is complicated by dynamic quenching with 
Mn; 
2) despite fluorescence response depends both on pH and Mn(II) 
concentration, since the concentration of Mn is pH dependent, we 
can still use HPTS to detect pH changes in the solution; 
3) HPTS fluorescence is (in saturated Mn(II) solutions) very sensitive 
to small changes of pH around 6.0, in particular a dramatic 
increase of fluorescence is observed when the threshold of 
pH=6.0 is crossed. 
Hence, finally, HPTS can be used as a fluorescent probe to map the 
pH of the Mn(II) solution whether it is either higher or lower than 6.0. 
6.4.2 Formation of micro-tubes in Mn(II) silica gardens 
As mentioned, for fluorescence imaging of silica garden we preferred 
metal ions that formed un-colored or weakly colored species (as ions or 
precipitates) but that, in the meantime, could produce tubular structures 
in the micro-scale suitable for our experimental set-up. Good candidate 
as non-quenching and non-absorbing species were Ca(II), Ba(II) and 
Mg(II), but we could not obtain reproducible tubular structures with these 
metal ions. 
After several tests we chose MnCl2 as the best candidate. For the 
experiments a droplet of saturated metal solution (2 μL) was deposited 
on the top of a glass coverslip (24x24 mm2) while the SS (50 μL) was 
dropped on a microscope glass slide (75x25 mm2). Hence the coverslip 
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was reversed top-down and placed on the larger glass slide, immerging 
the smaller MS drop into the larger SS one (the two slides were spaced 
by a plastic tape 0.1 mm thick). This leads to the formation of a closed 
membrane and the increasing of the internal osmotic pressure leads to 
local membrane rupture and to the formation of tubes that, because of 
the geometry of the system, could grow only horizontally. We followed 
the growth with time-lapse acquisition using a CCD camera and detecting 
simultaneously the transmission and fluorescence images or using a 
confocal laser scanning microscope (CLSM). Here we report and discuss 
images acquired with this latter setup at the University of Granada. 
Some representative images obtained with this set up using a saturated 
MnCl2 solution as MS are shown in figures 6.10 (left) and 6.11 (left). 
The optical transmission images show the growth of tubes that propagate 
according to almost linear (figure 6.11) or curve trajectories (figure 6.10); 
the propagation rate is typically about 1 mm/min. We would like to stress 
that these structures could be obtained in the absence or the presence of 
HPTS (0.2 mM) demonstrating that the presence of the fluorescence 
probe has negligible effect on the growth. In figure 6.10 and 6.11 the 
formation of individual tubes is observed. 
 
Figure 6.10 Transmission, on the left, and fluorescence (in false colors), on the right, of a 
growing manganese silica garden at different times (5 seconds delay) in the presence of 
HPTS 0.2 mM in the SS. Size: 1417x1417 μm2. 
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Figure 6.11 Transmission, on the left, and fluorescence (in false colors), on the right, of a 
growing manganese silica garden at different times (8 seconds delay) in the presence of 
HPTS 0.2 mM in the SS. Size: 1417x1417 μm2. 
 
Figure 6.12 Transmission, on the left, and fluorescence, on the right, of a growing 
manganese silica garden in the presence of HPTS 0.2 mM in the MS. Size: 1417x1417 
μm2. 
Nevertheless, in other case or in different parts of the same garden 
different and more complicate structures could be observed. For 
example, in figure 6.12 it is possible to observe the growth of a bundle of 
tubes almost parallel to each other. These images are extracted from 
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time-lapse video where further detail can be clearly observed, in 
particular: 
1) the large globular tube on the bottom of figure 6.12 contains a 
solution with suspended nano/microparticles (NPs). Thanks to 
the presence of these NPs that behave as optical tracer it is 
possible to observe (in the video) that the solution flows inside 
the tube transporting the NPs; 
2) the flow described in point 1 goes in the direction of the growing 
bundle of tube and it penetrates the tubes; 
3) the solution contained inside the linear, parallel tubes is ejected 
out from the top; 
4) small particles (NPs) ejected from the tubes can be clearly 
spotted on the top of the left image of figure 6.12. 
These results demonstrate that: 
1) precipitate is formed inside the tube during their growth, also 
in the form of NPs; 
2) a continuous, apparently constant flow of solution takes 
place inside the tube; 
3) solution is ejected outside the tube forming a JET. 
All these features are quite general, and they were observed in several 
different videos and experiments and they constitute a new piece of 
information about the dynamic of growth of silica garden. In fact, although 
some of them were expected according to some proposed model, they 
were not observed directly before. 
Even as far as the jet is concerned, its formation was partially justified by 
buoyancy effect that in our system is completely negligible. 
Additional information is given by fluorescence imaging. In particular, 
being silica garden compartmentalized systems, it is possible distribute 
selectively the pH probe (HPTS) either in the MS or SS or in both. This 
has the advantage to track the two different solutions and also to 
visualize their possible mixing. 
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In figure 6.12 is it possible to compare the transmission and fluorescence 
images of a Mn(II) silica garden exactly at the same time. In this 
experiment the fluorescent probe HPTS had been solubilized in the 
MS, hence no fluorescence signal is expected to arise from the SS. The 
white line tracked in the transmission image of figure 6.12 allows us to 
localize the position of the ends of the tube at the specific time of the 
observation; the same line was tracked on the fluorescence image to 
compare the position of the fluorescence (in green) and of the tubes. By 
comparing the two images we can clearly conclude that part of the SS 
just outside the tube became strongly fluorescent. This demonstrates 
that: 
1) the MS containing HPTS is ejected out of the tubes; 
2) in the jet mixing of the MS and SS occurs and the pH in the jet 
is higher than in the MS (more in detail pH >6.0). 
This latter conclusion was quite unexpected since conventional model for 
silica garden growth propose an actual separation of the MS and SS 
because of the continuous formation of a membrane at the MS/SS 
interface. 
 
Figure 6.13 Transmission (left), and fluorescence in false colors (right), of a growing 
manganese silica garden at different times (75 s time interval) with HPTS 0.2 mM in the 
MS. Images collected by LCFM. Size: 1417x1417 μm2. 
150
The ejection of the HPTS from the tube is even more evident in the 
images shown in figure 6.13. On the left the formation of a curved tube 
can be observed. Fluorescence images in false colors (right) clearly show 
the presence of bright fluorescence in the SS just outside the tube end. 
Moreover, this fluorescent area moves with the tube and it is located 
in the jet. Interestingly, when the tube stops growing also 
fluorescence disappears, indicating that solution ejection has stopped. 
The presence of HPTS in the SS can be finally observed as a 
fluorescent aura around the tube. 
It is also very interesting noticing that the final section of the tube is not 
fluorescent. This is due to the combination of acidic pH and high 
concentration of Mn in this region. On the contrary, looking at the same 
tube at a longer distance (about 0.5 mm) from the tip, fluorescence is 
quite strong in the inner solution. This very interesting behavior can be 
explained with the diffusion of OH- ions through the tube membrane 
that was demonstrated and investigated in detail in the previous section 
for Fe(III) silica garden. Diffusion through the membrane is not 
immediate and some minutes are needed after the membrane 
formation before the concentration of hydroxide in the tube becomes 
high enough to cause Mn precipitation and pH increase. For this 
reason, switch on of the fluorescence (inside the tubes) is some minutes 
delayed with respect to the formation of the tubes themselves. 
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Figure 6.14 Transmission (top) and fluorescence (bottom) images of a Mn(II) silica 
garden immediately after formation (left, A and A’) and 10 minutes later (right, B and B’ in 
the presence of HPTS 0.2 mM in the MS. Images collected by LCFM. Size: 1417x1417 
μm2. 
This delayed switch on of the fluorescence due to OH- diffusion through 
the membrane can be clearly observed in figure 6.14. where the 
transmission and the fluorescence of a just formed Mn(II) silica garden is 
shown. The tube in the red square (A) shows in fluorescence mode (A’) a 
very weak fluorescence demonstrating that the pH in the inner solution is 
quite acidic and the Mn(II) concentration very high, hence fluorescence 
of HPTS is quenched. After about 10 minutes the formation of 
precipitate in form of particles can be observed inside the tube (image 
B) while the fluorescence is dramatically switched on (figure B’). This 
confirms that diffusion of OH- through the membrane causes precipitation 
of Mn and an increase of the pH. 
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As mentioned, we also performed fluorescence imaging experiments of 
silica gardens were the pH probe HPTS was solubilized in the SS. The 
acquired fluorescence images are shown in figure 6.10 and 6.11. The 
results clearly confirm the conclusions discussed above. In this case the 
SS is brightly fluorescent because of the presence of HPTS in a 
strongly alkaline environment (the probe is ON). On the other hand, 
around the tip of the growing tubes a dark region of the SS is 
detected. This region moves with the tube and clearly correspond to 
the jet of metal solution ejected from the tube. In this case the 
fluorescence in the jet is much weaker than in the SS but is more 
intense than inside the tube. This result further confirms the conclusion 
that the two solutions MS and SS get mixed in the jet. 
6.5 Conclusions 
In this section it was described how we performed two different kinds of 
investigations that gave complementary information about the 
mechanism of formation and evolution of silica gardens: 1) one on the 
diffusion through the membrane and 2) another one on the mechanism of 
growth of micro-tubes in quasi 2D silica garden with fluorescent probes. 
About the first point, we decided to use FeCl3 for the investigation of 
membrane permeation. We noticed the formation of a brown membrane 
in the region of contact of the metal salt and the sodium silicate solutions, 
due to the precipitation of iron insoluble hydroxides, such as Fe(OH)3, 
inside the metal salt solution, led by the diffusion of OH- ions from the 
silicate solution through the membrane. After that, the propagation of the 
darker region occurs inside the iron solution over time. However, after a 
while, the precipitate formed starts to re-dissolve. This result observed 
was quite surprisingly, and it could be explained in two ways:1) diffusion 
of OH- leads to the formation of soluble iron hydroxides, like Fe(OH)4-; 2) 
diffusion of OH- is stopped and re-dissolution occurs due to the diffusion 
of the still acidic Fe3+ solution (not yet reached by OH-). Considered that 
re-dissolution starts form the iron solution side rather than from the 
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membrane, we concluded that indeed the OH- diffusion through the 
membrane is strongly slowed down after a while. 
Moreover, over time thickening of the membrane is observed, and the 
formation of several layers on the membrane too. Silica in the solution is 
solubilized as silicate but SiO2 precipitates upon acidification of the 
solution. Hence, we concluded that the thickening of the membrane is 
due to two main factors: 1) diffusion of OH- from SS to MS through the 
membrane causes a local decrease of pH close to the external (SS 
exposed) side of the membrane; 2) Fe(III) diffuses through the 
membrane and precipitates as silicate on the external SS exposed side. 
We were able also to estimate the diffusion coefficients of the diffusing 
species using the Fick’s law in the case of 1D diffusion into a 
homogenous medium, and the diffusion coefficient D of OH- ions derived 
from the fittings were found to be 50 times lower than the one reported in 
literature. This means that the process is controlled not just by the 
diffusion but also by the precipitation of the hydroxides. 
In order to explore the second investigation, we needed to properly select 
the pH probe and the metal ion. To avoid problems in fluorescence 
detection connected to the optical filtering effect of intensely colored 
metal ions we focused on Mn(II) which gives pale pink saturated solution. 
Moreover, we saw that Mn(II) forms very reproducible tubular silica 
gardens in the experimental conditions necessary for optical imaging. 
After testing several pH probes, we found out that HPTS does not bind to 
Mn(II), so we adopted this probe for our experiments, avoiding static 
quenching. 
However, experiments showed that HPTS fluorescence is extremely 
weak in saturated MnCl2 solutions. Nevertheless, this weak fluorescence 
is due at least in part to the strong acidic pH of the solution, but also to 
dynamic quenching. We hence wondered if we could discriminate the 
effect of the pH and the Mn(II) concentration on the fluorescence of 
HPTS, and we tested it adding different amount of NaOH to increase the 
pH and measure the fluorescence response. We found out that: 1) 
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saturated Mn(II) solution shows a strong buffering effect on pH, and 2)  
is strongly dependent on the pH demonstrating the occurrence of a 
dynamic quenching. This pH dependence of  in the system is however 
an indirect dependency. In fact, the probe itself has a pH independent 
lifetime but its lifetime is dependent on the Mn(II) concentration. Hence, 
we concluded that HPTS was able to be used to detect pH changes in 
our experiments. 
It was also observed that no further changes in fluorescence intensity or  
are observed for addition of NaOH more than 3.0 M as final 
concentration. 
Considering all these results we can conclude that: 1) the response of the 
fluorescence of HPTS to pH in Mn(II) saturated solution is complicated by 
dynamic quenching with Mn; 2) despite fluorescence response depends 
both on pH and Mn(II) concentration, since the concentration of Mn is pH 
dependent, we can still use HPTS to detect pH changes in the solution; 
3) HPTS fluorescence is (in saturated Mn(II) solutions) very sensitive to 
small changes of pH around 6.0, in particular a dramatic increase of 
fluorescence is observed when the threshold of pH=6.0 is crossed. 
Hence, finally, HPTS can be used as a fluorescent probe to map the pH 
of the Mn(II) solution whether it is either higher or lower than 6.0. 
We also investigated the formation of micro-tubes in Mn(II) silica 
gardens, both in transmission and fluorescence mode, and what we 
concluded was that: 1) there is the presence of suspended 
nano/microparticles (NPs) inside the solution and that the solution flows 
inside the tube transporting the NPs; 2) the continuous, apparently 
constant flow described in point 1 goes in the direction of the growing 
bundle of tube and it penetrates the tubes; 3) the solution contained 
inside the linear, parallel tubes is ejected out from the top forming a jet; 4) 
small particles (NPs) are ejected from the tubes. 
Considering experiments at confocal microscope, where the fluorescent 
dye was put inside the MS, we observed that part of the SS just outside 
the tube became strongly fluorescent, that demonstrates that: 1) the MS 
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containing HPTS is ejected out of the tubes; 2) in the jet mixing of the MS 
and SS occurs and the pH in the jet is higher than in the MS. This latter 
conclusion was quite unexpected since conventional model for silica 
garden growth propose an actual separation of the MS and SS because 
of the continuous formation of a membrane at the MS/SS interface. 
Moreover, we could affirm that fluorescent area moves with the tube and 
it is located in the jet, and when the tube stops growing also fluorescence 
disappears, indicating that solution ejection has stopped.  
The presence of HPTS in the SS can be considered as a fluorescent 
aura around the tube. It was also seen that the final section of the tube is 
not fluorescent due to the combination of acidic pH and high 
concentration of Mn in this region. This very interesting behavior can be 
explained with the diffusion of OH- ions through the tube membrane, that 
is not immediate and hence some minutes are needed after the 
membrane formation before the concentration of hydroxide in the tube 
becomes high enough to cause Mn precipitation and pH increase. 
The results observed inserting HPTS inside the SS confirmed the 
conclusion reached previously: the two solutions MS and SS get mixed in 
the jet. 
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